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SUMMARY
The ’ c e l l u l a r  concept ’ has been recognised as the 
most promising approach to  mobile communications of the  
f u t u r e .  I t s  p o t e n t i a l  s p e c t ra l  e f f i c i e n c y  is  e s s e n t ia l  
i f  the r a p i d l y  in c re as in g  demand fo r  mobile rad io  s e r ­
v ic e  is  to  be met w ithout  r e q u i r in g  enormous a l l o c a ­
t io n s  from the f i n i t e  supply o f  s u i t a b l e  frequency  
re s e rv e s .  U n f o r tu n a te ly ,  however, the problems of  
in te rm o d u la t io n  and co-channel i n t e r f e r e n c e ,  which 
l i m i t  the communication a b i l i t y  and hence s p e c t ra l  
e f f i c i e n c y  of  conven t iona l  mobile ra d io  schemes, a lso  
th re a te n  to do the same fo r  c e l l u l a r  systems.
Many c u r re n t  c e l l u l a r  systems a l rea d y  employ
mobile t r a n s m i t t e r  power c o n t ro l  in  order to help
decrease the l e v e ls  of  in te rm o d u la t io n  generated at  
base s t a t i o n  s i t e s  through the use o f  a e r i a l  d i s t r i b u ­
t io n  a m p l i f i e r s .  However, as y e t ,  such power c o n t ro l
has not been extended to inc lude  base s t a t io n
t r a n s m i t t e r s  and hence high le v e ls  of  co-channel  
i n t e r f e r e n c e  are being experienced in  h igh ly  subscribed  
areas o f  such schemes.
This th e s is  in v e s t ig a t e s  the c o n t r ib u t io n s  th a t  a 
high grade base s t a t i o n  t r a n s m i t t e r  power c o n t r o l  sys­
tem could make to the o p e r a t io n a l  a b i l i t y  and o v e r a l l
-  i  -
e f f i c i e n c y  of  narrowband FM land mobile ra d io  systems. 
C on s id era t io n  is  given to the co-channel in te r f e r e n c e  
l e v e ls  c u r r e n t l y  encountered in  c e l l u l a r  type schemes, 
and the redu ct io n  in such in t e r fe r e n c e  a f fo rd e d  by the  
use o f  such a power c o n t ro l  system. The aspects assoc i­
ated w ith  the use of  base s t a t io n  t r a n s m i t t e r  power 
c o n t r o l  are a lso examined and the performance of  such a 
system assessed through p r a c t i c a l  implementation and 
f i e l d  t r i a l s .
The outcome of  the research leads to  the conclu ­
sions th a t  a base s t a t i o n  t r a n s m i t t e r  power c o n t ro l  
system could be implemented with a minimum amount of  
e f f o r t  and could s i g n i f i c a n t l y  a l l e v i a t e  the high l e v ­
e ls  o f  co-channel  in t e r f e r e n c e  th a t  are p r e s e n t ly  being 
experienced in  w e l l  e s ta b l is h e d  c e l l u l a r  ra d io  systems. 
Furtherm ore,  the b e n e f i ts  obtained through the use of  
t r a n s m i t t e r  power c o n t r o l ,  both mobile and base s t a t io n  
are a p p l ic a b le  not only to c e l l u l a r  type systems but to  
a l l  m u l t i -c h a n n e l  mobile ra d io  schemes.
-  i i  -
ACKNOWLEDGEMENTS
The author would l i k e  to thank Dr. R .J .  Holbeche
fo r  his ass is tance  in the w r i t in g  of  t h is  t h e s i s .
The author is  a lso  g r a t e f u l  to  Mr. I . W . J .  Sparry
fo r  his help during the w r i t in g  of  the channel a l l o c a ­
t i o n  so ftw are  and in  the f i n a l  p re s e n ta t io n  o f  the
t h e s i s .
The author would a lso l i k e  to  thank Racal-Vodafone  
L td .  fo r  t h e i r  support during the p re p a ra t io n  o f  t h i s  
t h e s i s .
-  i i i  -
CONTENTS
CHAPTER ONE -  LAND MOBILE RADIO SYSTEMS -  ............................1
1.1 I n t r o d u c t i o n .....................     1
1 .2  H is to ry  o f  Mobile  Radio in  the UK....................................... 4
1 .3  Growth o f  Mobile  Radio Systems.............................................. 9
1 .4  Spectrum Congest ion ...................................................................... 15
1 .5  R efe rences ............................................................................................22
CHAPTER TWO -  CELLULAR LAND MOBILE RADIO
SYSTEMS -  ....................................................................24
2 .1  I n t r o d u c t i o n ....................................................................................... 24
2 .2  The H is to ry  o f  C e l l u l a r  Land Mobile R ad io .................. 26
2 .3  Basic Elements o f  the C e l l u l a r  Concept......................... 32
2 . 3 . 1  Frequency Re-use............................................................... 32
2 . 3 . 2  C e l l  S p l i t t i n g ....................................................................35
2 .4  The Geometry o f  the C e l l u l a r  Concept.............................. 38
2 .5  R e fe re nc es ............................................................................................47
CHAPTER THREE -  PRACTICAL ASPECTS OF CELLULAR
SYSTEM IMPLEMENTATION -  .............................. 48
3 .1  I n t r o d u c t i o n ....................................................................................... 48
3 .2  Operat ion o f  a C e l l u l a r  System............................................ 50
3 .3  P r a c t i c a l  R e a l i s a t io n  o f  a C e l l u l a r  System................53
3 .4  S e le c t io n  o f  Key Parameters
fo r  a P r a c t i c a l  System............................................................... 58
3 . 4 . 1  C e l l  R ad ius ...........................................................................58
3 . 4 . 2  Co-channel Re-use R a t i o .............................................. 60
3 .5  C e l l u l a r  Mobile Radio in the UK................................. * . . . . 6 3
3 .6  Refe rences ........................................................................................... 68
CHAPTER FOUR -  INTERFERENCE IN LAND MOBILE
RADIO SYSTEMS -  ................................................... 69
4 .1  I n t r o d u c t i o n .......................................................................................69
4 .2  In te rm o d u la t io n  I n t e r f e r e n c e .................................................72
4 . 2 . 1  Generat ion Mechanism......................................................72
4 . 2 . 2  Sources o f  IM G en e ra t io n ............................................ 77
4 .3  Co-channel I n t e r f e r e n c e .............................................................81
4 .4  R efe rences ............................................................................................90
CHAPTER FIVE -  POWER CONTROL OF RADIO TRANSMITTERS
IN LAND MOBILE RADIO SYSTEMS -  ............... 92
5.1 I n t r o d u c t i o n .......................................................................................92
5 .2  Background and Areas o f  A p p l ic a t io n
of T ra n s m it te r  Power C o n t r o l .................................................95
5 .3  Power C ontro l  o f  Mobile T ran sm it te rs
in  C e l l u l a r  Systems.................................................................... 100
5 .4  T ra n s m it te r  Power C on tro l  fo r  C e l l u l a r
Base S t a t i o n s .................................................................................. 114
5 .5  R efe rences ......................................................................................... 123
CHAPTER SIX -  CHANNEL ASSIGNMENT STRATEGIES 
FOR CELLULAR SYSTEMS WITH 
POWER CONTROL -  ....................................................125
-  v -
6 .1  I n t r o d u c t i o n .....................  125
6 .2  In te rm o d u la t io n  Compatible Frequency 
Assignments fo r  LMR Systems.................................................128
6 .3  Channel Assignment S t r a t e g ie s  fo r
C e l l u l a r  Mobile Radio Systems............................................ 140
6 .4  Implementation o f  T h ird  Order Compatible
Channel Assignments in  C e l l u l a r  Systems.....................148
6 .5  R efe rences ............................... 167
CHAPTER SEVEN -  ASPECTS OF BASE STATION POWER
CONTROL IMPLEMENTATION -  ......................... 170
7 .1  I n t r o d u c t i o n .....................................................................................170
7 .2  Implementation Requirements of  a Base
S t a t io n  Power C o n tro l  System...............................................173
7 .3  R efe rences ..........................................................................................185
CHAPTER EIGHT -  TIME AND FREQUENCY ASPECTS OF
BASE STATION POWER CONTROL -  ................187
8 .1  I n t r o d u c t i o n .....................................................................................187
8 .2  S p e c t r a l  P ro p e r t ie s  o f  a Fast Fading
Base S ta t io n  Power C on tro l  Scheme...................................189
8 .3  The Time Aspects o f  a Fast Fading
Power C on tro l  Scheme................................................................. 212
8 .4  R e fe ren ces ......................................................................................... 217
CHAPTER NINE -  PRACTICAL PERFORMANCE OF A MOBILE
RADIO SYSTEM WITH BASE STATION
-  v i  -
POWER CONTROL -  .................................................219
9 .1  - I n t r o d u c t i o n .................................................................................... 219
9 .2  P r in c ip le s  of  Operation and General
System C o n s id e ra t io n s ...............................................................221
9 .3  P r a c t i c a l  Implementation of  the Base
S t a t io n  Power C ontro l  A lg o r i th m ....................................... 229
9 . 3 . 1  Mobile Power Contro l  C i r c u i t r y ........................... 229
9 . 3 . 1 . 1  S ig n a l  S trength  Monito r ing
C i r c u i t ...............................................................229
9 . 3 . 1 . 2  Tone Generator and Audio 
Combining U n i t .............................................. 233
9 . 3 . 2  Base S ta t io n  Power Contro l  C i r c u i t r y ................ 235
9 . 3 . 2 . 1  Power C ontro l  Tone Decoder.....................235
9 . 3 . 2 . 2  Voltage C o n tro l le d  Power
A m p l i f i e r .......................................................... 236
9 .4  Te st ing  and E va lua t ion  o f  the Power
C on tro l  System................................................................................245
CHAPTER TEN -  CONCLUSIONS -  ........................................................ 280
APPENDIX A -  COMPUTER PROGRAMS USED FOR CELLULAR
CHANNEL ASSIGNMENTS -  ....................................... 283
APPENDIX B -  HARDWARE USED IN TESTING AND
EVALUATION OF POWER CONTROL SYSTEM -  . . 2 8 9
-  v i i  -
CHAPTER ONE 
LAND MOBILE RADIO SYSTEMS
1.1 INTRODUCTION
Techn ica l  progress in  the e le c t r o n ic s  in dus try  
over the past two decades has taken vast  s t r i d e s ,  w ith  
the land mobile rad io  (LMR) sector  c e r t a i n l y  not la g ­
ging behind. The growth o f  LMR se rv ice s  during these  
years r e f l e c t s  the importance o f  these se rv ice s  to a l l  
forms o f  in d u s t r y .  The a b i l i t y  to communicate with  
’ mobile* people e i t h e r  on a lo c a l  or n a t io n a l  scale  
enables in d u s t ry  to operate  more e f f e c t i v e l y  and e f f i ­
c i e n t l y .  F u r th e r  developments in  LMR s e rv ic e s  have the  
p o t e n t i a l  to  r a is e  l e v e ls  o f  i n d u s t r i a l  e f f i c i e n c y  even 
higher  but u n fo r tu n a t e ly  are being s t i f l e d  by the lack  
of a v a i l a b l e  frequency spectrum.
The f a c t  th a t  LMR, in  i t s  broadest sense, was the  
f i r s t  s e rv ic e  to  make use o f  the ra d io  spectrum has 
never been r e f l e c t e d  in  the a l l o c a t i o n  o f  frequency  
spectrum. The modest a l l o c a t io n s  t h a t  have been made 
through the years have always been a cause fo r  concern,  
and have led  to  a high l e v e l  o f  system development in  
order to  accommodate the growth w i th in  the s e rv ic e .  
U n f o r tu n a te ly ,  the stage has almost been reached where 
such t a c t i c s  are  no longer s u f f i c i e n t  to  cope w ith  the
-  1 -
in c re a s in g  demand on mobile communications. Indeed, i t  
has been suggested th a t  a s t a t e  has now been
reached whereby the growth o f  mobile communications is  
no longer t e c h n i c a l l y  le d ,  but is  under the c o n t r o l  o f  
the  frequency spectrum l e g i s l a t o r s .  Since fu tu r e  sys­
tems are dependent on t h e i r  ’ p a re n ts ’ , the consequences 
o f  such s p e c t r a l  l i m i t a t i o n s  could lead to  severe r e s ­
t r i c t i o n s  o f  LMR s e rv ic e s ,  w i th  longstanding repe rcus ­
sions in  many i n d u s t r i e s .
I t  has been suggested th a t  the rap id  growth o f  LMR
C2)s e rv ic e s  could not have been foreseen by anyone 
This f a c t  tends to  be borne out over the years by the  
p r e d ic t io n s  fo r  user numbers f a l l i n g  w e l l  shor t  o f  the  
a c tu a l  f ig u r e s  achieved .  I t  is  b e l iev e d  th a t  had the  
problems o f  spectrum a v a i l a b i l i t y  not been p re s e n t ,  
such numbers could w e l l  have been even h ig h e r .  From 
t h i s  p o in t  o f  view i t  is  poss ib le  to  understand why 
problems have a r is e n  over the u n a v a i l a b l i t y  o f  spectrum 
throughout the years .  More r e c e n t l y ,  two new frequency  
bands have been opened up fo r  use by LMR s e r v ic e s .  To 
ensure the fu t u r e  o f  mobile communications i t  is  essen­
t i a l  t h a t  systems op era t in g  in  these bands be as spec­
t r a l l y  e f f i c i e n t  as p o s s ib le .
This  chapter  conta ins  a h i s t o r y  o f  LMR in  the UK 
from i t s  conception i t  the l a t e  1 9 ^  century  to  the
-  2 -
present  day by d e t a i l i n g  some o f  the major changes th a t  
have occurred in  the s e r v ic e .  C onsidera t ion  is  also  
given to the growth o f  LMR serv ices  to gether  w ith  the 
corresponding increase  in the number o f  users and the 
changing r o le  o f  the mobile ra d io  user .  F i n a l l y  the  
problems o f  spectrum congestion are discussed together  
w ith  the methods t h a t  have been used in  the past to  
maximise the s p e c t r a l  e f f i c i e n c y  o f  LMR systems.
-  3 -
1 .2  HISTORY OF MOBILE RADIO IN THE UK
The h i s t o r y  o f  mobile communications can be traced  
back to  the advent of  rad io  in the l a t e  1800 ’ s and the 
f i r s t  experiments o f  the rad io  p ioneers .  The i n i t i a l  
demonstrat ion o f  p r a c t i c a l  rad io  communication by Hertz  
in  the 18 80 ’ s was c lo s e ly  fo l lowed in  1898 by the
i n s t a l l a t i o n  o f  one of  the f i r s t  mobile ra d io  systems. 
The system, designed and developed by Marconi,  was
i n s t a l l e d  in  the grounds o f  Osborne House in  the I s l e
o f  Wight fo r  use by Queen V i c t o r i a .  I t  is  b e l ie v e d  to
have operated mainly in  the VHF band ( 3 0 -3 0 0 Mh z ) and 
was used fo r  communicating w ith  the Royal Yacht. How­
e v e r ,  a t  t h a t  time Marconi was more i n t e r e s t e d  in  com­
m unicat ion over longer d is tances than the approximate  
1 i n e - o f - s i g h t  range of  such VHF systems, and so turned  
to  t ransm iss ion  a t  lower f req uen c ie s .
During World War 1, ra d io  communication achieved  
l i m i t e d  use, more out o f  c u r i o s i t y  than anyth ing e ls e .  
A f t e r  the war mobile  rad io  systems op era t in g  in  the MF 
( 300kHz-3MHz) and HF (3-30MHz) bands w ith  ampli tude  
modulat ion were i n s t a l l e d  fo r  use by the p o l ic e  and 
f i r e  s e rv ic e s . .  In the l a t e  1930’ s the neglected  VHF and 
UHF (300-3000MHz) bands came back in to  use when t r i a l  
systems op era t in g  f i r s t  a t  about 30MHz and l a t e r  at  
higher  f req uen c ies  were i n s t a l l e d  fo r  the p o l ic e  and
-  4 -
f i r e  se rv ice s  as an a l t e r n a t i v e  to t h e i r  noisy and 
i n t e r f e r e n c e  prone MF and HF systems.
The Second World War brought about ra p id  develop­
ments in  VHF communications fo r  m i l i t a r y  use. The p o l ­
ic e  and f i r e  se rv ice s  also b e n e f i te d  from these  
developments, and by the end o f  the war many such s e r ­
v ices were using VHF AM equipment in  the 80-130MHz 
band. Desp ite  the i n i t i a l  demonstration back in  1935 of  
frequency modulation by Armstrong, i t s  use was s t i l l  
only  in  the exper im enta l  stage in  the UK, and hence was 
employed in  r e l a t i v e l y  few systems.
1947 saw rev ised  frequency a l l o c a t i o n s  fo r  mobile  
ra d io  w ith  s p e c i f i c  modulation methods being l a i d  down 
fo r  s p e c i f i c  frequency bands. C on f irm a t ion  o f  these  
f requenc ies  in  the UK was fo l lowed by the issu ing  of  
the f i r s t  p r i v a t e  mobile rad io  l ic en c es  to  the Camtax 
t a x i  company in  Cambridge, and to a tug f i rm  operat ing  
on the Tyne and Wear r i v e r s .  The f i r s t  wide area cov­
erage scheme employing m u l t i p le  t r a n s m i t t in g  and 
r e c e iv in g  s i t e s  was a lso commissioned in  the same year .
A year l a t e r  the f i r s t  pu b l ic  ra d io te le p h o n e  sys­
tem was i n s t a l l e d  by what was in  those days, the B r i t ­
ish  Post O f f i c e .  Two 2 - frequency AM channels a l lo c a te d  
at  the high end o f  the VHF band provided s e rv ic e  to
-  5 -
small  vessels on the r i v e r  Thames. The Post O f f ic e  also  
considered s e t t in g  up a countrywide network of  s ta t io n s  
to be used by LMR se rv ices  in the p r i v a t e  s e c to r ,  but 
the ra p id  l i c e n s in g  of  p r i v a t e l y  operated systems 
re s u l te d  in  the plan not being implemented.
In  October 1959 the Post O f f i c e ,  m ir ro r in g  
developments e lsewhere ,  p a r t i c u l a r l y  in  the United  
Sta tes  and in  o ther  parts  o f  Europe, in troduced an 
exper im enta l  rad io te lephone  s e rv ic e  in  South Lan­
c a s h i re .  The system o f fe re d  fo r  the f i r s t  t ime in  the  
UK, in te rc o n n e c t io n  w ith  the p u b l ic  switched te lephone  
network.  This was achieved by using a ded icated  opera­
t o r  fo r  the system who manually connected the rad io  
channel in t o  the normal te lephone network.  In the years 
th a t  fo l low ed the s e rv ic e  a t t r a c t e d  l i t t l e  r e a l  a t t e n ­
t io n  and only a small  m in o r i ty  o f  people were both w i l ­
l i n g  and ab le  to a f f o r d  the c o s t .  The l i m i t e d  te c h n o l ­
ogy o f  the day a lso made the system i n e f f i c i e n t  and 
inconven ien t  to  use. N ev er th e le s s ,  a modest l e v e l  of  
development continued and the s e r v ic e ,  known as ’ System 
1 ’ , was e v e n t u a l ly  in troduced in  London in  1965, and in 
due course spread to cover other  major areas o f  popula­
t i o n .
In 1972 ’ System 3 ’ was in troduced by the Post 
O f f ic e  and brought w ith  i t  the technology o f  the day
-  6 -
( ’ System 2 ’ was never put in to  p u b l ic  s e r v i c e ) .  I t  
operated in the 155-169MHZ frequency band and the 55 
channels a l lo c a t e d  to i t  al lowed more users to be con­
nected to i t  than the previous 9 channel System 1. How­
e v e r ,  i t  was s t i l l  r a th e r  p r i m i t i v e  in th a t  a l l  c a l l s  
were handled by an operator  and i t  s t i l l  employed the  
*p r e s s - t o - t a l k ’ f e a t u r e .  N ev er th e les s ,  the system was 
e v e n t u a l ly  extended u n t i l  i t  covered around 40-45% of  
the p o p u la t io n ,  and continued s e rv ic e  up to  1986.
General  developments in  te lecommunications brought  
f u l l y  automatic  rad io te leph one  systems by the mid 
1970’ s .  In July  1981 the Post O f f i c e  i n s t a l l e d  the  
f i r s t  automatic  system to the UK in the London a rea .
The system, known as ’ System 4 ’ , operated in  the same
band as System 3 and o f fe re d  the user the fe a tu re  of  
d i r e c t  d i a l l i n g .  I t  a lso did away w ith  the p r e s s - t o -  
t a l k  requirement thus making the op e ra t io n  more 
’ t e l e p h o n e - l i k e ’ .
January 1985 saw the s t a r t  o f  a new kind of
ra d io te le p h o n e  s e rv ic e  in  the UK. The system, based on
the c e l l u l a r  concept o f  small  s e rv ic e  areas and la rg e
sc a le  re -u se  o f  channel f re q u e n c ie s ,  o f f e r s  the
s tfe a tu re s  necessary to take LMR in to  the 21 c e n tu ry .  
By 1990 t h i s  s e rv ic e  should be a v a i l a b l e  to  the major­
i t y  of  the UK p o p u la t io n ,  not only in  terms o f  coverage
-  7 -
but a lso in  c o s t ,  and w i l l  make i t  the f i r s t  n a t io n a l  
te lephone network o f  i t s  type in the world .
-  8 -
1 .3 GROWTH OF MOBILE RADIO SYSTEMS
The use o f  mobile  ra d io  communication systems has 
been h i s t o r i c a l l y  c h a ra c te r is e d  by the two s i g n i f i c a n t  
c r i t e r i a  o f  m o b i l i t y  and urgency. Back in  the 1900*5 
nothing was more ’ mobi le*  than a ship a t  sea, nor more 
’ urgent*  than a s in k in g  sh ip .  Thus the f i r s t  major use 
fo r  mobile ra d io  schemes was communications to vessels  
a t  sea. In the same way on lan d ,  a f t e r  the in t r o d u c t io n  
of cars in t o  the p o l ic e  fo rc e ,  nothing was more 
’ m o b i le ’ than a p o l ic e  c a r ,  nor more ’ urgent*  than an 
accident  or crime in  progress .  The f i r e  s e rv ic e  was the  
next obvious cand idate  fo r  a mobile communication sys­
tem and was fo l lowed by the i n s t a l l a t i o n  o f  schemes fo r  
other  pu b l ic  u t i l i t i e s  i e .  the e l e c t r i c i t y  in d u s t r y ,  
e t c .  P r iv a t e  companies began to r e a l i s e  the advantages 
of  having communications to t h e i r  mobile employees and 
soon s t a r t e d  having systems i n s t a l l e d .
Since those e a r l y  days o f  mobile communications,  
the number o f  users and the v a r i e t y  of  uses of  such 
systems have increased d r a m a t i c a l l y .  The r a t e  a t  which 
mobile s e rv ic e s  have grown throughout the years has 
served to i l l u s t r a t e  tne importance placed on these  
systems. The background o f  mobile communications has 
g e n e r a l ly  been one o f  continuous growth in te rs p e rs e d  
w ith  per iods o f  ex p lo s ive  growth. The user
-  9 -
c h a r a c t e r i s t i c s  of  m o b i l i t y  and urgency have now been 
jo ined  by those o f  ’ improved work e f f i c i e n c y ’ and ’ cost  
e f f e c t i v e n e s s ’ . Technolog ica l  advances have also  
broadened the market fo r  mobile rad io  schemes by making 
a v a i l a b l e  a wider range of  f a c i l i t i e s  and s e rv ic e s .
Since the 1940’ s,  the number o f  mobile ra d io  users 
has been in c re as in g  a t  an ex pon en t ia l  r a t e .  This is  
i l l u s t r a t e d  in  F igure  1 .1  which shows the growth in  
users between the years 1950 and 1980 de r ived  from the  
o f f i c i a l  s t a t i s t i c s  of  the l i c e n s in g  a u t h o r i t i e s .  How­
ev er ,  the sa les  records o f  the equipment manufacturers  
tend to suggest t h a t  these f ig u re s  are in  f a c t  pes­
s i m i s t i c ,  and th a t  th ere  are many more users opera t ing  
without a l i c e n c e .  Up to  1970, the r a te  o f  growth had 
remained steady a t  approximate ly  15% per annum fo r  many 
years Between 1970 and 1975 the f ig u r e  s lowly  f e l l
to 1056 due m ain ly ,  i t  is  thought to the recess ion .
Since then the r a t e  of  growth has g r a d u a l ly  been
(4 )in c re as in g  and in 1985 was running a t  around 12% 
L a tes t  s t a t i s t i c s  a v a i l a b l e  show t h a t  at  present th ere  
are some 17 ,000  d i f f e r e n t  users o f  mobile ra d io  sys­
tems, having in excess o f  20 ,000 base s t a t io n s  and more 
than 350,000 mobiles An in d i c a t i o n  o f  how these
users are d i s t r i b u t e d  can be obtained from Table  1.1  
which shows the s i t u a t i o n  as i t  was back in  1980
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C a t e g o r y Number o f  M o b i l e s
C e n t r a l  Government 5700
L o c a l  Government 29900
M a n u f a c t u r  i n g /  
Commer c i a l 99540
S e r v i c e s 39231
P u b l i c  T r a n s p o r t 19200
O t h e r  T r a n s p o r t 55414
U t i l i t i e s  
( e x c l u d i n g  
Roya l  M a i l )
59249
TOTAL 308234
T a b l e  1 . 1 .  D i s t r i b u t i o n  o f  M o b i l e s  i n  t h e  LMR S e r v i c e .
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The rece n t  awareness o f  the l i m i t  to ,  and r e a l
c o s t ,  o f  t r a d i t i o n a l  energy sources has generated a 
surge in  mobile  communications, p a r t i c u l a r l y  in the  
i n d u s t r i a l  and commercial world .  R e l ia b le  communica­
t io n s  w ith  the es t im ated  30% o f  the workforce th a t  is  
mobile fo r  p a r t  or a l l  o f  the day al lows in dus try
to  operate  w ith  g r e a te r  e f f i c i e n c y  and in some cases 
forms a backbone, w ithout  which some companies would 
c o l la p s e .  A saving o f  between 10 and 20% is  o f ten
quoted as a f i g u r e  e f fe c te d  by the use o f  a mobile  
ra d io  system in the running costs of  a t r a n s p o r t  com­
pany I t  has f u r t h e r  been suggested th a t  a 1%
redu ct io n  in  the d is tan ce  covered by the UK f l e e t  o f
v e h ic le s  could produce an annual saving w e l l  in  excess
of  £ 80 m i l l i o n  .
The in t r o d u c t io n  of  a rad io te leph one  network back 
in  1959, thus a l lo w in g  mobile rad io  users to  be con­
nected in t o  the p u b l ic  switched te lephone network,  
opened up the use o f  mobile communications on an i n d i ­
v i d u a l i s t i c  b a s is .  The a p p l ic a t io n  o f  t r a n s i s t o r s  in  
the e a r ly  1960 ’ s and the in t ro d u c t io n  o f  in te g ra t e d  
c i r c u i t s  in  the 1970*3 enabled the ’ b lack box* image o f  
mobile ra d io  equipment to  be removed. T ra n s is to rs  pe r ­
m it ted  r e a l l y  low power consumption p o r ta b le  sets to  be 
designed fo r  the f i r s t  t im e ,  the demand fo r  which was
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i l l u s t r a t e d  by the sp e c ta cu la r  sa les  f ig u r e s  of  such 
sets in t h e i r  e a r ly  years .  The use o f  in te g r a t e d  c i r ­
c u i t s  brought about a f u r t h e r  reduct ion  in  s ize  and 
improved the r e l i a b i l i t y  of  the equipment.
With the in t r o d u c t io n  of a countrywide c e l l u l a r  
mobile ra d io te lep h o n e  system, the demand fo r  mobile  
rad io  u n i ts  can only  in c re a s e ,  and i t  is  suggested th a t  
t h i s  increase  could be at  a very rap id  r a t e .  By the end 
of  1990 p r e d ic t io n s  are th a t  th ere  w i l l  be in  excess o f  
700,000 mobiles in  the UK and po ss ib ly  over 2 m i l l i o n  
by the end o f  the century
-  14 -
1 .4  SPECTRUM CONGESTION
Ever since the advent o f  mobile ra d io  communica­
t io n s ,  LMR has s u f fe re d  from a lack o f  a v a i l a b l e  f r e ­
quency spectrum. The p r o l i f i c  increase in users over 
the years has not been accompanied by the corresponding  
increase in  new frequency a l l o c a t i o n s ,  and as a conse­
quence LMR has had a constant b a t t l e  to  improve spec­
trum e f f i c i e n c y  in  order to  accommodate i t s  users.  Most 
of t h is  increased spectrum e f f i c i e n c y  has r e s u l te d  from 
a reduct ion  in  channel spacing. The very e a r ly  systems 
used channel spacings of  180-200kHz, but these had been 
g ra d u a l ly  reduced to 100kHz by the s t a r t  o f  the 1950’ s.  
At the I n t e r n a t i o n a l  Radio Conference ( IRC) of  1947 
mobile ra d io  frequency bands were r e v is e d ,  r e s u l t i n g  in  
a mere 4.7% o f  the then a v a i l a b l e  spectrum being a l l o ­
cated to such s e rv ic e s .  This was by no means s u f f i c i e n t  
to support e x i s t i n g  mobile ra d io  systems, l e t  alone 
cope with the growth t h a t  the s e rv ic e  was e x p e r ie n c in g .  
Concern about the shortage of  channels and the r e q u i r e ­
ment to cont inue in c re a s in g  the spectrum e f f i c i e n c y  of  
mobile se rv ic e s  was reso lved by another redu c t io n  in  
channel spacings to 50kHz. Since then,  more pressure on 
the a l lo c a te d  spectrum has brought about f u r t h e r  reduc­
t io n s  of  channel spacings. The c u r re n t  s i t u a t i o n  in  the  
UK is  fo r  12.5kHz channel spacing in  the VHF bands and
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25kHz channel spacing in  the UHF bands. Acting on the 
advice o f  the Mobile Radio Committee (MRC), each reduc­
t i o n  in  channel spacing from 50kHz downwards has been 
accomplished by ha lv in g  the spacing o f  e x i s t i n g  chan­
ne ls  and in s e r t i n g  new channels centred a t  the edge of  
the old ones. This provided a s u b s t a n t ia l  increase in  
the number o f  a v a i l a b l e  channels w h i ls t  s t i l l  r e t a in in g  
the p o s s i b i l i t y  o f  continued operat ion  o f  o lder  equip­
ment in  the o r i g i n a l  channels i f  the l e v e l  o f  i n t e r f e r ­
ence was s u f f i c i e n t l y  low.
F u r th e r  increases in  s p e c t ra l  e f f i c i e n c y  could be 
brought about by another ha lv ing  of  channel spacings. A 
proposal to  halve the 25kHz channels in  the 420-470MHZ 
UHF band was r e je c t e d  in  1972 because o f  the inadequate  
frequency s t a b i l i t y  of  the equipment then a v a i l a b l e .  
This however, is  no longer  the case and a c t iv e  progress  
i s  being made towards the in t ro d u c t io n  o f  12.5kHz spac­
ing in  t h i s  band. I n i t i a l  te s ts  have also been c a r r ie d
out on 6 .25kHz spacing in  the VHF bands, and have shown
f 8)t h a t  such a redu c t io n  is  poss ib le  . Any f u r t h e r  
red u c t io n  in  channel spacing would however, mean a 
change in  modulat ion methods from AM and Fm to  SSB. 
W h ils t  SSB and 4-5kHz channel spacing has been shown - 
t h e o r e t i c a l l y  to  be f e a s i b l e  fo r  LMR i t s
in t r o d u c t io n  would cause i n c o m p a t i b i l i t y  w ith  e x is t i n g
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equipment, and could also prove to  be d e t r im e n ta l  to 
the use o f  d i g i t a l  techniques w i th in  the s e r v ic e .
U n f o r t u n a t e ly ,  the successive re d u c t io n  in  channel  
spacing brought w ith  i t  numerous problems. The number 
o f  poss ib le  in te rm o d u la t io n  products increased  by a 
f a c to r  o f  seven to e ig h t  fo r  t h i r d  order  products with  
every ha lv in g  o f  the channels However, c a r e f u l
frequency p lann ing helped to reduce t h i s  problem and 
enabled the new systems to operate  s a t i s f a c t o r i l y .  A 
f u r t h e r  problem r e s u l t i n g  from the re d u c t io n  was th a t  
of  increased ad ja c en t  channel i n t e r f e r e n c e .  Advances in  
f i l t e r  technology made i t  poss ib le  to  increase  the  
s e l e c t i v i t y  o f  mobile  r e c e iv e rs  thus reducing le v e ls  of  
ad jacent  channel i n t e r f e r e n c e .  Increases in  o s c i l l a t o r  
s t a b i l i t y  a lso  helped to  improve the a d ja c e n t  channel  
i n t e r f e r e n c e  performance by m a in ta in in g  t r a n s m i t t e r  
outputs more c lo s e ly  to  t h e i r  nominal f requency .
As channel spacings became s m a l le r ,  corresponding  
reduct ions  in  channel bandwidths were in t ro d u ce d .  In 
doing so, the adverse e f f e c t s  o f  such re du c t io ns  on the  
performance o f  systems using FM increased  w h i ls t  w ith  
AM systems the degradat ion  in  performance was c o n s id e r ­
ab ly  le s s .  Capture e f f e c t  and i t s  advantages had long  
been the theme o f  the argument in  support  o f  using FM 
ra th e r  than AM. This capture  e f f e c t  enabled the
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geographica l  se p ara t io n  necessary between two systems 
op era t ing  on the same frequency to be reduced in com­
parison to AM systems, and hence increased the spectrum 
e f f i c i e n c y .  U n f o r tu n a te ly ,  the propagation charac­
t e r i s t i c s  o f  the mobile ra d io  channel to g e th e r  w ith  the 
present channel bandwidths mean th a t  t h i s  capture  
e f f e c t  has now a l l  but disappeared
Back in  the l a t e  1970 ’ s the major frequency bands 
a v a i l a b l e  to LMR systems were as shown in  Table 1 .2 .  
The VHF bands supported both FM and AM systems, with  
the l a t t e r  being more predominant,  whereas the UHF band 
was t o t a l l y  FM systems. In 1979, the World A dm in is t ra ­
t i v e  Radio Conference (WARC) took place in  Geneva to 
plan the use o f  the ra d io  spectrum up to the year 2000.  
The major changes r e l a t i n g  to LMR systems were
(1 )  LMR schemes must vacate broadcast band I I  (from  
8 7 . 5-104MHZ by 1989 and from 104-108MHZ by 1995) .
(2 )  LMR is  added as a pe rm it ted  s e rv ic e  in  t e l e v i s i o n  
bands I  (41-68MHz) and I I I  ( 174-230M*h z ) .
(3 )  LMR is  added as a primary s e rv ic e  in  the UHF 
t e l e v i s i o n  band from 860-960MHZ.
The removal o f  LMR from broadcast band I I  was not 
t o t a l l y  unexpected, but was to  occur sooner than was
-  18 -
D e s i g n a t i o n Band (MHz)
From To
Low Band 71.5 88
P o l i c e  and F i r e  Bands 80 85
97 102
Mid Band 105 108
136 141
High Band 165 174
UHF Band 425 470
Ta b l e  1 . 2 .  Nomi na l  F requency  Bands A v a i l a b l e  t o  LMR
S e r v i c e s .
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hoped, and would put even more pressure on the a lready  
crowded frequency a l l o c a t i o n s .  The opening o f  t e l e v i ­
sion bands I  and I I I  to  LMR as a pe rm it ted  se rv ice  
helped o f f s e t  t h is  problem, but a t  t h a t  time they were 
very h e a v i ly  loaded in  Western Europe, and i t  appeared 
t h a t  LMR use would be a v a i l a b l e  only to  a very l im i t e d  
e x t e n t .  However, the dec is ion  by the Government to  
c lose  down the 4 0 5 - l i n e  t e l e v i s i o n  system in  the UK by 
the end o f  1984 meant th a t  the use o f  bands I  and I I I  
by LMR would be more ex ten s ive  than a t  f i r s t  thought,  
o f f e r i n g  a welcome expansion fo r  mobile communications.  
Although i t  has now been decided th a t  band I I I  i s  to be 
used e x c lu s iv e ly  fo r  mobile se rv ices  in  the UK, ne igh­
bouring c o u n tr ie s  are to  continue w ith  t e l e v i s i o n  
broadcast ing  in  these bands, a t  l e a s t  fo r  the time  
be ing .  Thus plans have had to be drawn up to  enable  
both s e rv ic e s  to  operate  s a t i s f a c t o r i l y  in  the presence 
o f  the o th e r .
The 8 6 0 -9 60MHz band is  id e a l  fo r  shor t  range 
mobile communications and has been put to use in  such a 
way. 50MHz o f  the band has been a l lo c a t e d  by the UK 
Government to  a c e l l u l a r  mobile rad io te leph one  system, 
b r in g in g  much needed r e l i e f  fo r  the demand fo r  such 
equipment, e s p e c i a l l y  in  London. The p o t e n t i a l  1000 
channels made a v a i l a b l e  w i l l  go a long way to  s o lv in g
-  20 -
the present problems o f  s p e c t r a l  overcrowding. Although
i
the number o f  channels may sound im press ive ,  the fa c t  
is  th a t  even a t  the present r a t e  of  growth of  mobile  
s e r v ic e s ,  the fu tu r e  r a t e  being expected to  be much 
f a s t e r ,  the spectrum could w e l l  be c l u t t e r e d  again in 
about 30 years .  However, i t  is  agreed t h a t  the use of  
the c e l l u l a r  concept is  the best way o f  ensuring th a t  
the system operates to  a high degree o f  spectrum e f f i ­
c ie n c y ,  and hence prevent the i n e v i t a b l e  problems o f  
spectrum congestion reappearing  any e a r l i e r  than is  
a b s o lu te ly  necessary.
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CHAPTER TWO
CELLULAR LAND MOBILE RADIO SYSTEMS
2.1  INTRODUCTION
The p ro v is io n  o f  adequate spectrum to meet the  
c o n t i n u a l l y  in c re a s in g  demand fo r  mobile ra d io  l ic enc es  
is  a problem th a t  has faced n a t io n a l  a d m in is t ra t io n s  
fo r  many years .  Successive reduct ions in  channel spac­
in g ,  to g e th e r  w ith  the use o f  d i g i t a l  s i g n a l l i n g  te c h ­
niques and frequency sharing schemes have helped ease 
the s i t u a t i o n ,  but can c l e a r l y  not continue i n d e f i n ­
i t e l y  and o ther  s o lu t io n s  must be sought.
Back in  the l a t e  1970*5 LMR was in  desperate  need 
fo r  new frequency a l l o c a t io n s  to  be made a v a i l a b l e .  
This was p a r t i c u l a r l y  the case in  the mobile te lephony  
s e r v ic e .  For many years mobile te lephony had been the  
poor r e l a t i o n  o f  the main te lephone network.  In the UK 
th e re  were approaching 15 m i l l i o n  main te lephone sub­
s c r ib e r  l i n e s ,  in  c o n t ra s t  to the 5 ,000  mobile t e l e ­
phone s u b s c r ib e rs ,  the m a jo r i ty  o f  which were in  London
This was mainly due to the l i m i t e d  spectrum a v a i l ­
able to  the s e rv ic e  r a t h e r  than the lack  o f  demand, 
since when a d d i t i o n a l  c a p a c i ty  had been added to the  
s e rv ic e  the number of  users had r is e n  very r a p i d l y  to  
f i l l  the new c a p a c i ty  and the length  o f  the w a i t in g
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l i s t  had remained approx im ate ly  constan t .
At the WARC conference in 1979 much needed r e l i e f  
was brought to the mobile  ra d io  world by the a l l o c a t i o n  
o f  100MHz o f  spectrum around 900MHz. For the fu tu r e  of  
mobile  communications i t  was o f  the utmost importance  
t h a t  t h i s  band be used by systems o f f e r i n g  the h ighest  
degree o f  spectrum e f f i c i e n c y .  In 1982 the UK Govern­
ment a l lo c a te d  50MHz o f  t h i s  band to be used fo r  a 
mobile  rad io te lep h o n e  s e r v ic e .  In order to achieve the  
necessary high l e v e l  o f  s p e c t r a l  e f f i c i e n c y  the system 
was to  be based on what has come to be known as ’ the  
c e l l u l a r  concept ’ .
This chapter  d e t a i l s  the h is to ry  and development  
of  the c e l l u l a r  concept and i t s  a p p l ic a t io n  to LMR sys­
tems. Although many c o u n tr ie s  have been involved in 
the research and development o f  c e l l u l a r  mobile  
ra d io te le p h o n e  schemes, co ncen tra t ion  has been centred  
on the work c a r r ie d  out by B e l l  Telephone La bo ra to r ies  
( BTL), USA on t h e i r  Advanced Mobile  Phone Serv ice  
(AMPS) due to i t s  d i r e c t  re levance  to  the UK c e l l u l a r  
system. The basic  elements o f  the c e l l u l a r  concept are  
discussed, to g e th e r  w i th  the advantages th a t  they pos­
sess in  en ab l ing  a la r g e  c a p a c i ty  h ig h ly  s p e c t r a l  e f f i ­
c ie n t  mobile  s e rv ic e  to  be prov ided .
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2 .2  THE HISTORY OF CELLULAR LAND MOBILE RADIO
*
The r e a l i s a t i o n  th a t  the a p p l ic a t io n  o f  the c e l l u ­
l a r  concept to LMR systems could r e s u l t  in  a dramatic  
in crease  in the user c a p a c i ty  o f  such systems seem to
have m a te r ia l is e d  from nowhere. However, such an idea  
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i t  i s  claimed  ^ J was voiced in  1947 by D.H.Ring o f  
BTL in  one o f  h is  unpublished a r t i c l e s .
I t  was as f a r  back as 1946 t h a t  system planners a t  
the BTL s ta r te d  look ing forward to  the la rg e  scale  high  
c a p a c i ty  mobile te lephone s e rv ic e  (HCMTS) they b e l ie v ed  
would be necessary to s a t i s f y  customer demands o f  the  
f u t u r e .  The f i r s t  concept to be apprec ia ted  as a 
requirement fo r  t h i s  e f f i c i e n t  la rg e  c a p a c i ty  system 
was ’ t r u n k in g * .  Trunking is  the a b i l i t y  to  combine 
s e v e ra l  rad io  channels in t o  a s in g le  group so th a t  a 
mobile can be connected to any unused channel in the  
group. This arrangement g r e a t l y  increases the e f f i ­
c iency  of  a system r e l a t i v e  to  the s i t u a t i o n  in  which a 
mobile  can only  use one f ix e d  channel .  However, to  
ob ta in  the maximum b e n e f i t  from t ru n k in g ,  each mobile  
u n i t  would be re q u ire d  to  have the a b i l i t y  to tune to  
every channel in  use on the system throughout the  
e n t i r e  coverage a re a .  In those days, each op era t in g  
frequency meant two q u ar tz  c r y s t a ls  and a p o s i t io n  on 
the channel s e le c t o r  s w i tc h .  Since the system would be
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using many 1 0 ’ s o f  channels t h i s  posed a problem which 
a t  the time the planners could not see how to overcome. 
The s o lu t io n  to  the problem was the frequency syn­
t h e s i s e r ,  which although the basic idea e x is te d ,  only
became p r a c t i c a l l y  and economical ly  f e a s i b l e  in  the
e a r l y  1970 ’ s.
Over the next 20 years much time and e f f o r t  was
devoted by the planners to  the design and development 
of  such a system. During t h is  time s e v era l  proposals  
were put forward to the Federa l  Communications Commis­
sion (FCC) regard ing  the poss ib le  implementation and
( 2 )spectrum requirement o f  t h i s  type of  system . I t  was 
in  t h i s  per iod  t h a t  the c e l l u l a r  concept began to be 
f o r m a l is e d .
In 1968 the FCC found themselves under co n s id e r ­
ab le  pressure to prov ide  more spectrum fo r  mobile ra d io  
communication systems. In 1970 they t e n t a t i v e l y  decided  
to  make a t o t a l  o f  115MHz a v a i l a b l e  fo r  such systems, 
75MHz o f  which would be a l lo c a te d  to  a new high capa­
c i t y  mobile rad io te leph one  scheme. The FCC i n v i t e d  
in d u s t r y  to submit proposals fo r  ach iev ing  t h is  commun­
i c a t i o n  o b je c t iv e  and demonstrating f e a s i b i l i t y .  The 
people a t  BTL responded in  1971 w ith  a te c h n ic a l  r e p o r t  
which asserted  f e a s i b i l i t y  by showing in  co ns iderab le  
d e t a i l  how such a system might be composed.
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In 1974 the FCC made a f i rm  frequency a l l o c a t i o n  
of  only 40HHz ins tead  o f  the 75MHz which they had o r i ­
g i n a l l y  announced, and requested a p p l ic a t io n s  fo r  
developmental c e l l u l a r  systems to prove f e a s i b i l i t y .  
The spectrum was s i t u a t e d  in two bands, 825-845MHz fo r  
transm iss ion  from mobi les ,  and 870-890MHZ fo r  t ran sm is ­
sion from base s t a t i o n s .  In July  1975 the B e l l  T e le ­
phone Company o f  I l l i n o i s  f i l e d  a request to  the Fee 
fo r  a u t h o r i s a t i o n  to i n s t a l l  and t e s t  a developmental  
system in  Chicago. This request was granted in  March 
1977, and a t r i a l  s e rv ic e  began in  December 1978. The 
system, which was known as the Advanced Mobile Phone 
Serv ice  (AMPS), had been designed w ith  the fo l lo w in g  
obj 'ect ives in  mind.
(1 )  The c a p a b i l i t y  to  serve a la rg e  number o f  users 
w i t h in  a l o c a l  s e rv ic e  a rea ,  w i th  a f ix e d  a l l o c a ­
t i o n  o f  ra d io  channels .
(2 )  A h ig h ly  e f f i c i e n t  use of  ra d io  frequency spec­
trum so as to  be able to  cope w ith  the a n t i c i ­
pated la r g e  volume o f  customers w i th in  the a l l o ­
cated band.
(3 )  A d a p t a b i l i t y  to  va ry ing  user d e n s i t ie s  due to  the  
non-uniform geograph ica l  popu la t ion  d i s t r i b u t i o n  
and the v a r i a t i o n s  in  t h i s  w ith  t im e .
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(4 )  The a b i l i t y  to adapt to  use by hand portab les
w ithout  r e q u i r in g  changes in  network design.
(5 )  Nationwide c o m p a t i b i l i t y  enabl ing a subscr iber  to  
achieve s a t i s f a c t o r y  se rv ic e  through any such 
system wherever they may be.
(6 )  The widespread a v a i l a b i l i t y  o f  a mobile system 
such th a t  users may be f a r  from t h e i r  normal home 
system and s t i l l  r e c e iv e  s e rv ic e .
(7 )  The q u a l i t y  o f  the s e rv ic e  should be as near as
p r a c t i c a l l y  po ss ib le  the same as t h a t  provided by 
the standard land te lephone system.
(8 )  In a d d i t io n  to  a l l  the r e g u la r  te lephone s e r ­
v ic e s ,  i t  should prov ide  s p e c ia l is e d  se rv ices  and 
fe a tu re s  which are p a r t i c u l a r l y  va lu a b le  in a
mobile  environment i e .  d i a l l i n g  a number before
p ic k in g  up the handset, e t c .
(9 )  The s e rv ic e  should be a f f o r d a b le  by a s u b s t a n t ia l  
p o r t io n  o f  the p u b l ic  and businesses.
Since the successfu l  i n s t a l l a t i o n  and t r i a l  o f  
t h i s  f i r s t  c e l l u l a r  mobile  ra d io  s e rv ic e  such systems 
have spread r a p i d l y  across the USA. By the end o f  1984 
n e a r ly  two dozen c i t i e s  were served by a c e l l u l a r  
mobile  system w ith  a t o t a l  o f  approximate ly  40 ,000
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subscr ibers  spread across the country A f u r t h e r
twenty systems were in the process of being i n s t a l l e d ,  
with  many more being planned.
In  Japan a c e l l u l a r  mobile te lephone system has 
been in  opera t io n  in  Tokyo since e a r ly  1979, and by the  
end o f  1984 s ix  o ther  maj’or c i t i e s  had systems 
i n s t a l l e d .
C e l l u l a r  mobile systems spread to Europe in  1981 
with  the i n s t a l l a t i o n  of  the Nordic Mobile Telephone 
( NMT) system in  the four  Scandinavian c o u n t r ie s .  Other  
European c o u n tr ie s  have, to a c e r t a i n  e x t e n t ,  lagged 
behind in  the development and the commercial e x p l o i t a ­
t io n  o f  c e l l u l a r  systems. However, most have now 
decided on the system th a t  they w i l l  i n s t a l l ,  and 
should have coverage by the s t a r t  o f  the I 9 9 0 , s ,  when
i t  is  reckoned over one m i l l i o n  Western Europeans w i l l
f 4)subscribe to c e l l u l a r  ra d io  serv ices
Due to  the s tagger ing  o f  decis ions by the various  
European c o u n tr ie s  as to the exact c e l l u l a r  system they  
w i l l  employ, th e re  w i l l  be a lac k  o f  o p e r a t io n a l  compa­
t i b i l i t y  between systems in  the d i f f e r e n t  c o u n t r ie s .  
This means t h a t  i t  w i l l  not be poss ib le  to make c a l l s  
in  o ther  European c o u n tr ie s  using another c o u n tr ies  
mobile equipment.  However, a second ge nera t ion  Pan-
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European s e rv ic e  is  a l ready  being considered which w i l l  
make t h i s  p o s s ib le ,  the s p e c i f i c a t i o n  fo r  which i t  is  
hoped, w i l l  be reached by 1988,
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2 .3  BASIC ELEMENTS OF THE CELLULAR CONCEPT
The basic elements o f  the c e l l u l a r  concept can be 
summarised by the two phrases ’ frequency r e - u s e ’ and 
’ c e l l  s p l i t t i n g ’ .
2 . 3 . 1  Frequency Re-use
Frequency re -u se  is  the name given to the use of  
ra d io  channels to  cover d i f f e r e n t  areas which are geo­
g r a p h ic a l l y  separated from one another by s u f f i c i e n t  
dis tances  such t h a t  co-channel i n t e r f e r e n c e  is  not  
o b je c t io n a b le .  This technique is  employed to var ious  
ex ten ts  in  most ra d io  s e rv ic e s ,  however, the idea o f  
employing frequency re -u se  in  a mobile ra d io  s e rv ic e  on 
a reduced geographica l  sca le  leads to  the c e l l u l a r  con­
cept .
The concept o f  c e l l u l a r  mobile ra d io  is  t h a t  o f  
d i v id in g  the t o t a l  coverage area of  a system in to  
d is c r e t e  i n t e r l o c k i n g  re g io n s ,  u s u a l ly  r e f e r r e d  to as 
c e l l s .  F igure  2 .1  shows an example o f  a poss ib le  c e l l u ­
l a r  lay ou t  fo r  a given s e rv ic e  a rea .  With in  each c e l l  
i s  lo ca te d  a base s t a t i o n  through which a l l  communica­
t io n s  w ith  users in  the c e l l  are d i r e c t e d .  In p r i n c i ­
p l e ,  the lo c a t io n  and spacing o f  these base s t a t i o n  
s i t e s  need not be r e g u l a r ,  and the c e l l s  need not be o f  
any p a r t i c u l a r  shape, however i t  w i l l  be shown l a t e r
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—  i t h  C e l l  Us ing  Channel  Set  Q 
• —  T r a n s m i t t e r  L o c a t i o n
F i g u r e  2 . 1 .  C e l l u l a r  L ay ou t  I l l u s t r a t i n g  Frequency
R e - u s e .
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t h a t  an o rd e r ly  ge om etr ica l  s t r u c tu r e  to t h i s  c e l l  p a t ­
te rn  is  advantageous.
Each base s t a t io n  has ra d io  and associated c o n t ro l  
equipment fo r  transm ission to and re ce p t io n  from any 
subscr iber  s i t u a t e d  w i th in  the c e l l .  A d i s t i n c t  se t  o f  
channel frequencies  is  assigned to  each c e l l  so as to  
avoid co-channel i n t e r f e r e n c e  problems. This is  shown 
in  F igure  2 .1  by l e t t e r s  re pres en t ing  the d i f f e r e n t  
channel s e ts .  Since base s t a t io n s  only communicate w ith  
users w i th in  t h e i r  p a r t i c u l a r  c e l l ,  and v ic e - v e r s a ,  
r e l a t i v e l y  low power transmissions can be used. This  
r e s u l t s  in  s ig na ls  from a given c e l l  being d e te c ta b le  
over much s h o r te r  d is tances  than in  convent iona l  mobile  
ra d io  systems. Thus c e l l s  which are r e l a t i v e l y  c lose  
can have s u f f i c i e n t  geographica l  se p ara t ion  to a l low  
the use o f  i d e n t i c a l  r a d io  channels in  both c e l l s  
w ithout  causing co-channel in t e r f e r e n c e  problems. This  
is  i l l u s t r a t e d  in  F igure  2 .1  where and A^, to ge th er  
w ith  and are f a r  enough ap ar t  to  permit  them to  
use the same channel s e t .  I t  is  through t h i s  high 
sca le  of  frequency re -u s e  th a t  la rg e  coverage areas can 
be served with  only  r e l a t i v e l y  few channels enabl ing  
the system to achieve a high s p e c t r a l  e f f i c i e n c y .
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2 . 3 . 2  C e l l  S p l i t t i n g
A second im portant  fe a tu re  o f  a c e l l u l a r  rad io  
system is  the ease w ith  which i t  can grow to  serve an 
in c re as ing  number o f  users .  This is  achieved through a 
process which is  known as ' c e l l  s p l i t t i n g ' ,  which can 
best be described by cons ider ing  an example. I f  a c e l ­
l u l a r  system is  a l l o c a t e d  a t o t a l  o f  C ra d io  channels ,  
then p a r t i t i o n i n g  in t o  N channel sets w i l l  mean th a t  
each set  w i l l  nom ina l ly  conta in  S channels ,  where S is  
given by
Considering the system o f  F igure  2 . 1 ,  al though the  
system has a t o t a l  o f  10 c e l l s  only 8 c e l l s  have d i f ­
f e r e n t  channel sets due to  frequency re -u s e .  Thus, each 
c e l l  w i l l  nom ina l ly  have C/8 channels .  As the number of  
subscr ibers  on the system increases a p o in t  is  reached 
where some c e l l s  w i l l  f in d  t h a t  t h e i r  S ra d io  channels  
are no longer s u f f i c i e n t  to  support s e rv ic e  to the  
l a rg e  number o f  users w i t h in  t h e i r  coverage a re a .  When 
t h i s  stage is  reached the  c e l l  area can be s p l i t  i n t o  
two or more c e l l s ,  hence the term ' c e l l  s p l i t t i n g ' ,  and 
u t i l i s e  a l l  these c e l l s '  channels .  F igure  2 .2 a  shows a 
poss ib le  f i r s t  c e l l  s p l i t  o f  the t h e o r e t i c a l  system o f  
F igure  2 . 1 .  The c e l l  which o r i g i n a l l y  was shown as F^
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( a )
Qi —  i t h  C e l l  Us ing  Channel  Set  Q
F i g u r e  2 . 2 .  C e l l u l a r  L ay ou t  I l l u s t r a t i n g  C e l l  S p l i t t i n g ,  
( a )  E a r l y  S t age  ( b )  L a t e r  Stage 
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has been s p l i t  such t h a t  i t  now conta ins a t o t a l  o f  
four c e l l s ,  namely H^, 1^, B^, and C^. Frequency re -use  
is  used fo r  the new c e l l s  in the c e l l  s p l i t ,  r e s u l t i n g  
in  an increase  in  the communication ca p a c i ty  of  the  
o r i g i n a l  c e l l  w ithout  any f u r t h e r  a l l o c a t i o n  o f  chan­
nels  to  the system. In t h is  p a r t i c u l a r  example, c e l l  
has a f o u r f o ld  incre as e  in  user c a p a c i ty .  This c e l l  
s p l i t t i n g  procedure can continue as demand w i th in  the  
system grows, F igure  2 .2b shows a l a t e r  stage in  the  
c e l l  s p l i t t i n g  o f  the system o f  F igure  2 . 1 .  T h e o r e t i ­
c a l l y  the process can be repeated i n d e f i n i t e l y ,  but  
obviously  a p o in t  is  reached where the c e l l  area is  
g e t t in g  too small  to  be p r a c t i c a l l y  v i a b l e .  C e l l  
s p l i t t i n g  thus helps overcome the problem o f  matching 
the s p a t i a l  d e ns i ty  o f  a v a i l a b l e  channels to  the spa­
t i a l  de ns i ty  o f  demand fo r  channels .
C e l l  s p l i t t i n g  to g e th e r  w ith  la rg e  sc a le  frequency  
re -u se  perm it  a c e l l u l a r  system to meet the im portant  
o b je c t iv e s  o f  serv ing a very la rg e  number o f  users  
w h i ls t  using a r e l a t i v e l y  small  p o r t io n  o f  the f r e ­
quency spectrum. I t  is  t h i s  a b i l i t y  th a t  has made a 
c e l l u l a r  mobile ra d io  system so a t t r a c t i v e  fo r  fu tu r e  
mobile schemes.
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2 .4  THE GEOMETRY OF T_HE CELLULAR CONCEPT
The main purpose o f  d e f in in g  c e l l s  in  a mobile 
ra d io  system is  to  d e l in e a t e  areas in  which s p e c i f i c  
ra d io  channels w i l l  be used. This degree o f  geographi­
c a l  confinement o f  channel usage is  e s s e n t i a l  i f  co­
channel in t e r f e r e n c e  is  to  be kept to  acceptab le  l e v ­
e l s .  Due to the propagation c h a r a c t e r i s t i c s  o f  the  
mobile ra d io  channel i t  i s  not po ss ib le  to  d e f in e  these  
c e l l s  w ith  any degree o f  p re c is io n  in  the sense th a t  a 
c e l l  w i l l  always serve mobiles w i th in  an area  and never  
serve mobiles outs ide  th a t  a rea .  N e v e r th e le s s ,  the con­
cept of  a c e l l  remains v a l i d  in  the c o n te x t  th a t  i t  is  
an area in  which a c e r t a i n  base s t a t i o n  i s  more l i k e l y  
to  serve a mobile than any o ther  c e l l .  On t h is  ba s is ,  
c e l l s  are more l i k e l y  to  be amorphous in  shape. How­
e v e r ,  the absence o f  an o r d e r ly  g e o m e tr ic a l  s t ru c tu re  
in  the c e l l u l a r  p a t te r n  causes problems with  system 
design and g e n e r a l ly  leads to system i n e f f i c i e n c e s . 
V i s u a l i s i n g  a l l  c e l l s  as having the same shape helps 
prevent  these problems a r is i n g  by systemis ing  the  
design and layou t  of  a c e l l u l a r  system.
In previous mobile ra d io  systems base s ta t io n s  
have had mostly o m n i - d i r e c t io n a l  t r a n s m i t t i n g  antennas 
r e s u l t i n g  in  roughly c i r c u l a r  coverage a re a s .  However, 
fo r  c e l l u l a r  design purposes the c i r c l e  is  an
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im p r a c t ic a l  shape fo r  a c e l l  due to the ambiguous over­
laps or gaps produced by an a r r a y .  On the other hand, 
the shape o f  a c i r c l e  can be approximated by any regu­
l a r  polygon. The e q u i l a t e r a l  t r i a n g l e ,  the square and 
the re g u la r  hexagon are the only  r e g u la r  polygons th a t  
can cover a p lanar  reg ion with  no gaps or ov e r lap s .  Any 
one o f  these th ree  polygons could be used as a basis  
fo r  a c e l l u l a r  system p a t t e r n .  However, the r e g u la r  
hexagon has an advantage over the o ther  two in  th a t  fo r  
a given c e n t r e - t o - v e r t e x  d is ta n c e ,  the r e g u la r  hexagon 
has a s u b s t a n t i a l l y  l a r g e r  a rea .  Consequently fo r  cov­
erage o f  a given a re a ,  a layou t  composed o f  hexagons 
re q u ire s  fewer c e l l s  and hence fewer base s t a t i o n s .  A 
c e l l u l a r  system based on hexagons is  th e r e f o r e  more 
economic to  i n s t a l l  and m ain ta in  than one w ith  t r i a n g u ­
l a r  or square c e l l s ,  a l l  o ther  fa c to rs  being equal ,  and 
so is  more o f ten  than not chosen.
I t  has a l ready  been mentioned p r e v io u s ly  in  t h is  
chapter  t h a t  one o f  the e s s e n t ia l  f e a tu re s  o f  a c e l l u ­
l a r  mobile ra d io  system is  t h a t  o f  frequency re -use  on 
a small  geographica l  s c a le .  When co ns id er ing  the layout  
o f  such a scheme, i t  is  necessary to  determine which 
s e t  of  channel f requenc ies  should be assigned to  each 
c e l l ,  and a lso the d is ta n c e  between c e l l s  w ith  the same 
channel s e t .  In performing t h i s  assignment a us e fu l
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parameter to consider  is  the ’ co-channel re -use  r a t i o ’ . 
This is  def ined as the r a t i o  o f  the d is tance  between 
the centres  of  ne ares t  neighbouring co-channel c e l l s ,  
D, to the c e n t r e - t o - v e r t e x  d is ta n c e ,  u s u a l ly  termed as 
r a d iu s ,  o f  the hexagonal c e l l s ,  R. This r a t i o  has been 
shown to be g iven by
where N, as b e fo r e ,  is  the t o t a l  number o f  unique 
channel sets in  the system.
The c e l l s  tend to form themselves in t o  a n a tu r a l  
block or c l u s t e r  o f  N c e l l s ,  which is  then repeated  
throughout the e n t i r e  coverage a rea .  The va lue o f  N, as 
might w e l l  be expected,  must s a t i s f y  c e r t a i n  mathemati­
c a l  cond i t ion s  guarantee ing  th a t  r e p e t i t i o n  o f  the  
c l u s t e r  t e s s e l l a t e s  the whole s e rv ic e  a rea .  This has 
been shown to be the case i f
where i  and j  are p o s i t i v e  in te g e rs  in c lu d in g
zero .
The exact shape o f  a v a l i d  c l u s t e r  is  not unique.  
A l l  th a t  is  re q u ire d  is  t h a t  the c l u s t e r  must conta in  
a l l  the channel f requenc ies  a l lo c a t e d  to the system
( 2 . 2 )
. 2  . .2N = i  + i j  + J ( 2 . 3 )
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once and only once. F igures 2 .3  to  2 .7  demonstrate some 
of  the poss ib le  c l u s t e r  s izes  and c o n f ig u r a t io n s .
I t  can be seen from equation 2 .1  and Figures 2 .3  
to 2 .7  t h a t  as the number o f  c e l l s  per c lu s t e r  
in c re as e s ,  then the sep a ra t io n  between co-channel c e l l s  
a lso  in creas es .  To avoid high l e v e ls  o f  co-channel  
i n t e r f e r e n c e  N must be l a r g e .  Since the system is  a l l o ­
cated only a l i m i t e d  number of  channels ,  in c re as ing  N 
to  reduce the le v e ls  o f  co-channel i n t e r f e r e n c e  
decreases the number o f  channels a v a i l a b l e  to  each 
c e l l .  In order to  prevent the c a l l  handling c a p a c i ty  
decreasing a t  the same t im e ,  c e l l  s izes  must be 
reduced. T h is ,  however r e s u l t s  in  a requirement fo r  
more c e l l s  to  cover the t o t a l  s e rv ic e  area and hence an 
increase  in  system c o s t .  Thus, the choice o f  the number 
of  c e l l s  per c l u s t e r  must be given c a r e f u l  co n s id e ra ­
t io n  .
-  41 -
C e l l  Us ing  Channel  Set  Q
F i g u r e  2 . 3 .  L ay ou t  and Channel  Set  Deployment  P a t t e r n
f o r  3 C e l l s  pe r  C l u s t e r .
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«C e l l  Us ing  Channel  Set  Q
F i g u r e  2 . 4 .  L ay ou t  and Channel  Set  Dep loyment  P a t t e r n
f o r  4 C e l l s  per  C l u s t e r .
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Q| i  C e l l  Us ing Channel  Set  Q
F i g u r e  2 . 5 .  L ay ou t  and Channel  Set  Dep loyment  P a t t e r n
f o r  7 C e l l s  per  C l u s t e r .
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Qi — i uh C e l l  Us ing Channel  Set  Q
F i g u r e  2 . 6 .  L ayou t  and C h a nn e l  Se t  De p l oyme nt  P a t t e r n
f o r  9 C e l l s  per  C l u s t e r .
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C e l l  Us ing Channel  Set  Q
F i g u r e  2 . 7 .  L ay ou t  and Channel  Set  Dep loyment  P a t t e r n
f o r  12 C e l l s  per  C l u s t e r .
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CHAPTER THREE 
PRACTICAL ASPECTS OF CELLULAR SYSTEM IMPLEMENTATION
3.1  INTRODUCTION
The c e l l u l a r  mobile ra d io  system concept has been 
recognised as the most promising approach to mobile  
communications o f  the f u t u r e .  Perhaps the g r e a te s t  v i r ­
tue o f  a c e l l u l a r  system is  i t s  a b i l i t y  to  handle a 
number o f  simultaneous c a l l s  which g r e a t l y  exceeds the  
t o t a l  number o f  a l l o c a t e d  ra d io  channels .  This s o r t  of  
s p e c t r a l  e f f i c i e n c y  is  e s s e n t ia l  i f  the r a p i d l y  
in c re as in g  demand fo r  mobile s e rv ice s  is  to be met 
w ithout  r e q u i r in g  enormous a l l o c a t io n s  from the dwin­
d l in g  s u i t a b le  frequency res e rv es .
Over the past 3 to  4 years ,  i n t e r e s t  in mobile  
communications in  t h i s  country has been re k in d le d  by 
the sudden UK moves towards implementing a c e l l u l a r  
mobile rad io te leph one  network.  Before the advent of  
such a system th e re  were many more p o t e n t i a l  users o f  
the mobile te lephone s e rv ic e  than the c a p a c i ty  of  the  
network could cope w i t h .  However, t h i s  should no longer  
be the case and the number o f  mobile te lephone users 
should r i s e  d r a m a t i c a l l y .
I t  has always been c l e a r  t h a t  w h i le  the system
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concept was s im ple ,  the p r a c t i c a l  implementat ion o f  a 
c e l l u l a r  system would be f a r  from i t .  In f a c t  the means 
of  implementing a m u l t i - c e l l  system only became po ss i ­
b le  w ith  the advent o f  e le c t r o n ic  sw itch ing  technology  
in the e a r ly  1960’ s.  Moreover, the necessary spectrum 
s u i t a b l y  spaced fo r  duplex op era t ion  has only  r e c e n t ly  
become a v a i l a b l e .
This chapter  descr ibes the op era t io n  o f  a t y p i c a l  
c e l l u l a r  mobile ra d io  system, and considers some o f  the  
aspects assoc ia ted  w ith  the p r a c t i c a l  r e a l i s a t i o n  o f  
such a scheme. The background behind the in t ro d u c t io n  
of  c e l l u l a r  communications in t o  the UK is  d e t a i l e d  
to g e th er  w ith  some o f  the major parameters o f  the B r i t ­
ish  system, and the progress th a t  the network operators  
have made s ince the opening o f  the s e rv ic e  at the  
beginning of  1985.
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3 .2  OPERATION OF A CELLULAR SYSTEM
The main parts  o f  a c e l l u l a r  mobile rad io  network 
are the Mobile Switching Centre (MSC), the base s t a ­
t io n s  and the mobile u n i t s .  Communication to and from 
any mobile user is  made v ia  the base s t a t io n  serv ing  
the c e l l  in  which the user is  s i t u a t e d .  Each base s t a ­
t io n  is  equipped w ith  a t r a n s c e iv e r  fo r  each communica­
t io n  channel assigned to  i t ,  to ge ther  w ith  s ig n a l  
s t re n g th  monitor ing equipment and the necessary c o n t r o l  
equipment.  Every base s t a t i o n  is  connected by d e d i ­
cated l in k s  to  the MSC through which a l l  c a l l s  w i th in  
the system are ro u te d .  The MSC c o n tro ls  and co­
o rd ina tes  the a c t i v i t i e s  o f  the base s t a t i o n s ,  i n t e r ­
connects the mobile system to the land te lephone n e t ­
work and provides a c e n t r a l i s e d  c o n t r o l  p o in t  fo r  the  
e n t i r e  system. The mobile  u n i t  cons is ts  o f  a f u l l y  
automatic  frequency synthesised t r a n s c e iv e r  capable of  
tuning to  any channel a l l o c a t e d  to  the system, to ge ther  
w ith  a processor to  conduct s i g n a l l i n g  and c o n t ro l  
funct ions  necessary fo r  the successfu l  op era t io n  of the  
system.
To enable a l l  the c o n t r o l  funct ions  o f  such a sys­
tem to be performed, a few o f  the a l lo c a te d  ra d io  chan­
nels  are de f ined  and used s o le ly  as ’ c o n t r o l  c h ann e ls ’ 
r a t h e r  than c a l l  i e .  vo ice  channels .  These channels
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c a r ry  data used p r i m a r i l y  fo r  the exchange o f  in form a­
t io n  needed to e s t a b l i s h  and monitor c a l l s .  The number 
o f  these so c a l l e d  c o n t r o l  channels is  kept to a 
minimum by employing frequency re -u s e .
Whenever a mobile u n i t  is  turned on but not 
engaged in a c a l l ,  the u n i t  simply monitors a c o n t ro l  
channel .  The u n i t  i t s e l f  s e le c ts  which one o f  the v a r i ­
ous c o n t r o l  channels to monitor by sampling the s ig n a l  
s t re n g th  on a l l  c o n t r o l  channel f re q u e n c ie s .  The mobile  
tunes to the channel w ith  the s t rongest  s ig n a l  and syn­
chronises w ith  the data stream being t ra n s m i t te d  on 
th a t  channel by the system. The mobile u n i t  remains 
on t h i s  channel u n t i l  i t  e i t h e r  rece ives  an incoming 
c a l l ,  wishes to make an outgoing c a l l ,  or u n t i l  the  
s ig n a l  l e v e l  o f  the c o n t r o l  channel r e q u i re s  th a t  a new 
channel be s e le c te d .
When a mobile d e tec ts  th a t  i t  i s  being c a l l e d ,  i t  
q u ic k ly  samples the s ig n a l  s t re n g th  on a l l  c o n t r o l  
channels ,  thus enabl ing  i t  to respond through the base 
s t a t i o n  o f f e r i n g  the s t ro n g e s t  s ig n a l  to the mobile a t  
i t s  c u r re n t  p o s i t io n .  The mobile then t ran sm its  a 
’ r e a d y ’ message back to  the base s t a t i o n  and waits  fo r  
a r e p l y .  The system responds w ith  a vo ice channel  
assignment s i g n a l ,  the mobile a u to m a t ic a l ly  tunes to  
the designated channel ,  and the c a l l  proceeds. W h i ls t
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the c a l l  is  in  progress ,  the base s t a t io n  examines the  
s ig n a l  l e v e l  t h a t  i t  is  re c e iv in g  from the mobile every  
few seconds. When t h is  l e v e l  becomes too low fo r  the  
c a l l  to  cont inue  a t  a reasonable q u a l i t y  l e v e l  the sys­
tem looks fo r  another base s t a t io n  which can o f f e r  a 
b e t t e r  q u a l i t y  s i g n a l .  When a s u i t a b le  base s t a t io n  is  
found the system sends a command to the mobile t e l l i n g  
i t  to re tune  to  a new channel associated w ith  the new 
base s t a t i o n .  W h i ls t  the mobile changes to the new 
channel ,  the  MSC r e - r o u te s  the other  p a r ty  to  the new 
base s t a t i o n .  This  process o f  t r a n s f e r r i n g  a mobile  
from one vo ice  channel to another is  termed ’ ha n d -o f f *  
and causes a smal l  break in  the c a l l  when i t  occurs.
Although as f a r  as the c e l l u l a r  user is  concerned,  
opera t io n  is  very simple and s t r a ig h t f o r w a r d ,  the prac­
t i c a l  im plem enta t ion  is  complex and in v o lv e d .  The 
ex is tence  o f  s e v e r a l  d i f f e r e n t  c e l l u l a r  systems in  
various c o u n t r ie s  means th a t  i t  i s  not poss ib le  to  g ive  
a d e t a i l e d  account o f  a c e l l u l a r  system which is  
c o r r e c t  fo r  a l l  schemes. However, t h is  h ig h ly  s im p l is ­
t i c  d e s c r i p t i o n ,  i t  is  b e l ie v e d ,  does apply fo r  a l l  
present o p e r a t io n a l  systems.
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3 .3  PRACTICAL REALISATION OF A CELLULAR SYSTEM
The implementat ion o f  the c e l l u l a r  concept in a 
p r a c t i c a l  mobile ra d io  system n e c e s s i ta te s  the con­
s t r u c t i o n  o f  an e s s e n t i a l l y  re g u la r  a r ray  o f  base s t a ­
t io n s  over the req u ire d  coverage a rea ,  as i l l u s t r a t e d  
in  F igure  3 .1 a .  In p r a c t i c e ,  the procurement o f  space 
and p lanning permission to enable t h i s  optimum d i s t r i ­
but ion  to  be achieved is  poss ib ly  one o f  the most d i f ­
f i c u l t  problems to overcome in  eng ineer ing  and i n s t a l ­
l i n g  a c e l l u l a r  system. More o f ten  than not t h i s  regu­
l a r  p a t te rn  must be approximated as c lo s e ly  as cond i­
t io n s  p e rm i t .  However, assuming t h a t  t h i s  id e a l is e d  
a rray  o f  base s t a t io n s  can be r e a l i s e d ,  a p a t te rn  of  
r e g u la r  hexagonal c e l l s  can be o v e r la id  in  var ious  
ways. Of these numerous poss ib le  o v e r la y s ,  two are of  
p a r t i c u l a r  i n t e r e s t  fo r  c e l l u l a r  systems. These are
Cl) when c e l l  cen tres  f a l l  on base s t a t i o n  s i t e s ,
(2 )  when h a l f  o f  the v e r t i c e s  o f  a c e l l  f a l l  on base 
s t a t i o n  s i t e s .
These two d i f f e r e n t  p o s s i b i l i t i e s  are shown in  
Figure  3.1b and 3 .1c  and r e s u l t  in  what is  known as 
’ c e n t re  e x c i t e d ’ ( o m n i - d i r e c t i o n a l )  c e l l s  and ’ corner  
e x c i t e d ’ ( d i r e c t i o n a l )  c e l l s  r e s p e c t i v e l y .
-  53 -
•  •  •
•  •
•  •  •
•  •
•  •  •
•  •





C e l l  S i t e  L o c a t i o n
F i g u r e  3 . 1 .  C e l l u l a r  Geomet ry  Wi t h  and W i t h o u t  C e l l s
( a )  C e l l  S i t e  L a t t i c e  ( b ) c e n t r e  E x c i t e d  C e l l s
( c )  C o r n e r  E x c i t e d  C e l l s
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The ce n tre  e x c i te d  c e l l  is  the t r a d i t i o n a l  system 
used in  many mobile ra d io  systems, where a base s t a t io n  
with  an o m n i - d i r e c t io n a l  antenna is  located  a t  the cen­
t r e  o f  the des ired  coverage a rea .  ( This does not 
inc lud e  systems where quasi-synchronous or synchronous 
coverage techniques are employed ( 1 ) > ( 2 ) , ( 3 ) ^  In con_ 
t r a s t ,  the corner e x c i te d  c e l l  is  served by th re e  base
s t a t io n s  using d i r e c t i v e  antennae w ith  a beamwidth of
120° .  These antennae are o r ie n ta t e d  as shown in F igure
3 .2  so th a t  the extensions o f  t h e i r  main lobe l i e  along  
the sides o f  the hexagonal c e l l s .
In  the e a r l y  days o f  a system i t  is  more cost
e f f e c t i v e  to use c e n t re  e x c i te d  s i t e s  due to  t h e i r  
lower i n i t i a l  c o s t .  However, as the system grows and 
the number o f  users increases the use o f  corner ex c i te d  
c e l l s  becomes more a t t r a c t i v e .  In comparison with  an 
o m n i -d i r e c t io n a l  t r a n s m i t t in g  antenna, a d i r e c t i o n a l  
antenna can prov ide the same s ig n a l  l e v e l  in  the region  
th a t  i t  serves w h i ls t  causing s u b s t a n t i a l l y  less  
in t e r f e r e n c e  w i th in  co-channel c e l l s  which l i e  ou ts ide  
the main lobe .  S i m i l a r l y ,  a d i r e c t i o n a l  re c e iv in g  
antenna a t ten u a te s  i n t e r f e r i n g  s ig na ls  rece ived  from
mobiles a t  bearings not spanned by the main lobe .  This  
gives corner ex c i te d  c e l l s  the advantage o f  being ab le  
to  operate  w ith  a lower re -u se  d is tance  wh i le  s t i l l
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F i g u r e
— C e l l  S i t e  P o s i t i o n
Main A x i s  o f  




Nomina l  Edges 
o f  F r o n t  Lobe
/
< x = 60 °
D i r e c t i o n a l  Antenna C h a r a c t e r i s t i c s
3 . 2 .  O r i e n t a t i o n  o f  D i r e c t i o n a l  Antennae a t  
D i r e c t i o n a l  C e l l  S i t e s .
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keeping co-channel in t e r f e r e n c e  to a s u f f i c i e n t l y  low 
l e v e l .  Since a reduced re -use  d is tance  is  synonymous 
with  a sm al le r  number o f  c e l l s  per c l u s t e r ,  or more to  
the p o in t ,  a sm a l le r  number o f  channel s e ts ,  each 
corner e x c i te d  s i t e  has the c a p a b i l i t y  o f  supporting  
more users.  This thereby reduces the t o t a l  number of  
s i t e s  needed fo r  a given t o t a l  load on the system.  
Hence, in  a mature system, r u r a l  and low user d e n s i ty
eas w i l l  continue to be served by c e n t re exc i t e d
11s w h i ls t  c i t i e s and higher user d e n s i ty areas are
re l i k e l y  to  use the higher  c a p a c i ty  corner exc i t e d
11s •
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3 .4  SELECTION OF KEY PARAMETERS FOR A PRACTICAL SYSTEM
Before i n s t a l l i n g  a c e l l u l a r  system, i t  is  neces­
sary to d e f in e  some o f  the key parameters o f  the  
scheme. In the s e t t in g  o f  these key parameters,  the  
important  o b je c t iv e s  th a t  g e n e r a l ly  must be met are  
cost r e s t r a i n t s ,  good transm iss ion q u a l i t y  and a la rg e  
u l t im a t e  customer c a p a c i t y .  In some c o n te x ts ,  c o n f l i c t s  
appear among these o b je c t iv e s  and t r a d e - o f f s  must be 
made so th a t  no one o b je c t iv e  is  s e r io u s ly  undercut to  
b e n e f i t  another .
3 . 4 . 1  C e l l  Radius
D e f in in g  the maximum c e l l  rad ius to  be used in  a 
system at  i t s  in c e p t io n  is  p a r t  o f  the genera l  problem 
of  ach iev ing  a s a t i s f a c t o r y  compromise between the two 
o b je c t iv e s  o f  low cost and good transm iss ion  q u a l i t y .  
The maximum c e l l  rad iu s  has only an i n d i r e c t  e f f e c t  on 
the u l t im a t e  c a p a c i ty  o f  the system. This is  in  com­
p l e t e  c o n t ra s t  to  the minimum c e l l  r a d iu s ,  the c e l l  
rad ius  a f t e r  the f i n a l  stage o f  c e l l  s p l i t t i n g ,  which 
has l i t t l e  e f f e c t  on the system cost per customer or 
transm ission q u a l i t y ,  but plays a v i t a l  p a r t  in  s e t t i n g  
the u l t im a te  system c a p a c i t y .
The c e l l  s p l i t t i n g  procedure cuts the c e l l  rad ius  
by a f a c t o r  o f  two and the c e l l  area by a f a c t o r  o f
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fo u r .  Thus i t  is  the r a t i o  between the maximum and 
minimum c e l l  rad ius  which determines the number of  c e l l  
s p l i t s  th a t  can take p lace in  a system. As p rev iou s ly
mentioned, c e l l  s p l i t t i n g  can, in p r i n c i p l e ,  be
repeated an i n d e f i n i t e  number of  t im es .  However, from
the p o in t  of  view o f  p r a c t i c a l  c o n s id e ra t io n s ,  decreas­
ing the c e l l  s iz e  beyond c e r t a in  bounds leads to prob­
lems w ith  the lo c a t io n  o f  base s t a t io n  s i t e s  and bur ­
dens the MSC w ith  performing freq uen t  h a n d -o f fs .  In
such a s i t u a t i o n  a s i g n i f i c a n t  p ro p o r t io n  o f  the MSC 
p r o c e s s o r s  c a p a c i ty  is  consumed by performing hand- 
o f fs  w ith  obvious reduct ions  in  c a r ry in g  out o ther  
im portant  d u t ie s .
The sound q u a l i t y  o f  a l l  c a l l s  on a c e l l u l a r  sys­
tem is  intended to be comparable to th a t  over the pub­
l i c  switched te lephone network.  This sound q u a l i t y  can 
be d i r e c t l y  r e l a t e d  to  the RF s i g n a l - t o - n o i s e  (S /N)  
r a t i o  present a t  the r e c e iv e r  in p u t ,  which in  tu rn  is  
r e la t e d  to  the power output o f  the t r a n s m i t t e r s  and the  
c h a r a c t e r i s t i c s  o f  the antennae being used. Assuming 
th a t  t r a n s m i t t e r  powers and antennae c h a r a c t e r i s t i c s  
have been e s ta b l is h e d ,  i t  is  the value chosen fo r  the  
maximum c e l l  rad ius  th a t  e f f e c t i v e l y  determines the  
minimum RF S/N r a t i o  t h a t  a system w i l l  e xper ie nce .  
This minimum r a t i o ,  however, must s t i l l  be s u f f i c i e n t
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to provide the re q u ire d  sound q u a l i t y .
Hence the maximum c e l l  rad ius  is  dependent on sub­
j e c t i v e  and s t a t i s t i c a l  f a c t o r s .  To meet t h is  sound 
q u a l i t y  o b j e c t i v e , s u b je c t iv e  te s ts  can be performed to  
enable a value o f  S/N r a t i o  to be determined above 
which t h is  c r i t e r i o n  is  met. The s t a t i s t i c a l  propaga­
t io n  c h a r a c t e r i s t i c s  encountered in  LMR systems can 
then be used to set  an upper l i m i t  on the c e l l  rad ius  
such th a t  th e re  is  a high p r o b a b i l i t y  t h a t  t h is  l e v e l  
w i l l  be exceeded throughout the system.
The c e l l  rad ius  is  obviously  a parameter fo r  which 
many fa c to rs  must be taken in to  c o n s id e ra t io n  before  a 
value is  chosen.
3 . 4 . 2  Co- channel Re-use Rat io
The previous d iscussion in s ec t io n  3 .3  has 
exp la ined  the economic in c e n t iv e  fo r  minimising the  
r a t i o  o f  D, the d is tan ce  between co-channel c e l l  s i t e s ,  
to R,  the c e l l  r a d iu s .  This co-channel re -u se  r a t i o  
(D /R) a lso has an impact on both the transm iss ion  q u a l ­
i t y  and the u l t im a t e  c a p a c i ty  o f  the system. The i n f l u ­
ence on transm iss ion  q u a l i t y  a r ise s  because the D/R 
r a t i o  a f f e c t s  the co-channel  in t e r f e r e n c e  l e v e l s .  Since  
t h i s  r a t i o  determines the number o f  channels per chan­
ne l  s e t ,  i t  a lso sets a l i m i t  on the t r a f f i c  c a r r y in g
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ca p a c i ty  of  each s i t e ,  which in turn  governs the u l t i ­
mate customer c a p a c i ty  o f  the system.
Making D/R as small  as poss ib le  serves the ob jec -  
t i v e s  o f  low cost  and la rg e  c a p a c i ty .  On the other  
hand, making the r a t i o  as la rg e  as poss ib le  b e n e f i ts  
t ransm ission q u a l i t y .  As in  the d e te rm ina t io n  of  the  
c e l l  r a d iu s ,  a compromise among o b je c t iv e s  is  neces­
s a ry .  In order  to  ob ta in  the requ ire d  l e v e l  o f  sound 
q u a l i t y  w i th in  the system, th e re  must be a s u f f i c i e n t  
l e v e l  o f  s ig n a l  as oppose to co-channel in t e r f e r e n c e  
present a t  the r e c e iv e r  in p u t .  I t  is  t h i s  requ ire d  
s i g n a l - t o - i n t e r f e r e n c e  ( S / I )  r a t i o  which must be met 
throughout the system which determines the necessary  
t r a d e - o f f  between the o b je c t iv e s .  This is  again depen­
dent on the same s u b je c t iv e  and s t a t i s t i c a l  fa c to rs  as 
discussed in  the prev ious se c t io n  on the c e l l  r a d iu s .
In mature systems, two or more s ize s  o f  c e l l s  w i l l  
s im ultaneous ly  e x i s t  in  a coverage a rea .  S p e c ia l  care  
must be taken to  ensure t h a t  the c o r r e c t  minimum d i s ­
tance ,  D e x is t s  between c e l l  s i t e s  equipped w ith  the  
same voice channels .  This is  however, not the only  
requirement s ince  D/R must be maintained in  an area  
where m u l t i p le  c e l l  s iz e s  mean th a t  the r a d iu s ,  R o f  a 
c e l l  has d i f f e r e n t  va lues fo r  d i f f e r e n t  s i t e s .  This  
problem can be overcome by op era t in g  the la rg e  and
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small  c e l l s  on d i f f e r e n t  channels o f  the same channel  
s e t .  This does, however, reduce the customer ca p a c i ty  
of  the c e l l s  and when these c a p a c i t ie s  are reached can 
fo rce  the l a r g e r  c e l l  to  undergo c e l l  s p l i t t i n g  to  
enable the f u l l  channel se t  to  be a l lo c a te d  to each 
c e l l  to  r e s t o r e  maximum t r a f f i c  ca p a c i ty  back to the  
c e l l s .
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3 .5  CELLULAR MOBILE RADIO DJ IH £  UK
In 1979 the World A d m in is t ra t iv e  Radio Conference  
(WARC) a l lo c a te d  a s ec t io n  o f  frequency spectrum in the 
range 860-960MHz fo r  mobile ra d io  a p p l ic a t io n s .  On 25th  
June 1982 the B r i t i s h  Government a l lo c a te d  50MHz o f  
t h i s  900MHz band to be used fo r  a c e l l u l a r  mobile  
rad io te leph one  system, to g e ther  w ith  the terms and con­
d i t io n s  fo r  two n a t io n a l  c e l l u l a r  ra d io  networks. The 
Government decided to  l ic e n c e  two companies to  operate  
the two c e l l u l a r  networks.  These two operators  were 
R a c a l -M i l l ic o m  (O p e ra t in g )  L im i te d ,  now known as 
Racal-Vodafone (H o ld ings)  L im i te d ,  a p r i v a t e  j o i n t  ven­
tu re  company se t  up between Racal and M i l l ic o m  In c .  o f  
USA, and Telecom S ecur icor  C e l l u l a r  Radio (TSCR) Lim­
i t e d ,  a company se t  up between the then p u b l i c a l l y  
owned B r i t i s h  Telecom and the p r i v a t e  company Securicor  
L im i te d .  The 25 year l ic e n c e s  were granted in  May 1983
and February 1984 r e s p e c t i v e l y  and s t i p u l a t e d  th a t  the
s toperators  should commence s e rv ic e  by 31 March 1985 
and cover an area re p re s e n t in g  9035 o f  the UK po pu la t io n  
(corresponding to approx im ate ly  65% o f  the t o t a l  UK 
land area )  by 1990.
The o b je c t iv e  o f  l i c e n c in g  two and only  two com­
panies was to ensure e f f e c t i v e  co m pet i t ion  between the  
two network o p e r a to rs ,  and a lso between the
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manufacturers o f  the system equipment. Ho we v e r ,  t h e
Government wished th a t  the two networks be compatib le
such th a t  a subscr iber  to e i t h e r  network could change 
to the other  i f  des ired  w ithout changing his or her 
mobile equipment.  The approach adopted was to d e f in e  
the o v e r a l l  system to be used by the two o p era t in g  com­
panies to ensure adequate in te rw o rk in g ,  but to  r e s t r i c t  
the depth o f  t h i s  d e f i n i t i o n  to enable the two opera­
to rs  to compete in  terms of  technology,  p r ic i n g  and
q u a l i t y  o f  s e r v ic e .  The two companies were a lso not  
allowed to p a r t i c i p a t e  in  the design,  manufacture or 
sa le  o f  the mobile equipment. This has s ince been 
a l t e r e d  w ith  the r e v is io n  o f  the l ic en c e s  p e rm i t t in g  
the two operators  to s e l l  to government departments and 
crown agencies .
The need to in t ro du ce  the s e rv ic e  q u ic k ly  p re ­
cluded any at tempt to  design a complete ly  new system,  
and i t  was c l e a r  t h a t  an e x is t i n g  c e l l u l a r  system would 
have to  be chosen, a t  l e a s t  as a basis o f  the design,  
and developed a c c o rd in g ly .  A f t e r  d iscussions between 
the Government and the two o p e ra to rs ,  i t  was announced 
in  February 1983 t h a t  the a l rea dy  proven AMPS system 
would be the design base fo r  the UK system. In July  
1983 the s p e c i f i c a t i o n  o f  the UK system, which would be 
known as the T o ta l  Access Communications System (TACS),
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was publ ished .  Although l a r g e l y  s i m i l a r  to the AMPS 
system, some major m o d i f ic a t io n s  had been made to  meet 
UK and European requ irem ents .  The main changes were in 
the ra d io  parameters and performance s p e c i f i c a t i o n .  
Although s t i l l  op era t in g  in a duplex FM mode, the chan­
ne l  spacing was reduced to the European standard o f  
25kHz, together  w ith  a corresponding lower ing  o f  the  
peak frequency d e v ia t io n  o f  the system. A f u r t h e r  
consequence o f  the reduct ion  in channel spacing was a 
decrease in the data  r a t e  o f  the system from I 0 k b i t / s  
to  8 k b i t / s .  The frequency bands s ta te d  in AMPS l i e  
p a r t l y  w i th in  the European Band V t e l e v i s i o n  broadcast  
band and so had to  be changed fo r  TACS. The two bands 
a l l o c a t e d  were s l i g h t l y  wider than AMPS and lo ca ted  a t  
890-915MHz fo r  mobile  transm ission and 935-960MHZ fo r  
base s t a t i o n  tran sm iss io n .  This gave a t o t a l  o f  1000 
duplex channels a v a i l a b l e  to  the two networks,  although  
a t  present  only 600 channels have been a l lo c a t e d  to the  
two networks,  300 to each o p e ra to r ,  the remaining 400 
being held back fo r  the in t ro d u c t io n  o f  the Pan- 
European system. Table 3 .1  conta ins  a comparison 
between the AMPS and TACS systems parameters.  ( A more 
d e t a i l e d  account of  the TACS system can be obtained by 
read ing some of the many papers th a t  have been pub­
l is h e d  on the sub jec t
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P a r am et e r TACS AMPS
F r eq uen cy  Band (MHz)
( i )  m o b i l e  Tx 890-915 825-845
( i i )  base s t a t i o n  Tx 9 35-960 870-890
Maximum Number o f  
Channe ls
1000 666
Channe l  S p ac in g  ( kHz)
25
( w i t h  12.5kHz 
o f f s e t )
30
T r a n s m i t  t o  Rece iv e  
S p ac i ng  (MHz)
45 45
Peak F r eq uen cy  
D e v i a t i o n  (kHz)
( i )  speech 9 . 5 12
( i i )  s i g n a l l i n g 6 . 4 8
S i g n a l l i n g  Data 
Rate ( k b i t / s )
8 10
T a b l e  3 . 1 .  A Compar i son  o f  TACS and AMPS Radio
P a r a m e t e r s .
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By January 1985 both operators had commenced pub­
l i c  operat ion  and were o f f e r i n g  s e rv ic e  in the London 
a re a .  Since then, the coverage area of  both networks 
has been expanding r a p i d l y .  At the end o f  1985 both 
operators  had ex ten s ive  coverage over London, the Home 
Counties ,  the Mid lands,  Manchester and L iv e rp o o l  and 
the p r i n c i p a l  motorways. The TSCR network,  known as
’ C e l ln e t *  boasted 27 ,000  users ,  almost 10 ,000 more than
expected, w h i ls t  20 ,000  people were subscr ib ing  to the  
Vodafone system By the end o f  1986
t h a t  both companies w i l l  o f f e r  coverage
c i t i e s  and routes w i th in  the UK.
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i t  is  expected  
o f  a l l  major
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CHAPTER FOUR
INTERFERENCE IN LAND MOBILE RADIO SYSTEMS
4 .1  INTRODUCTION
The exp lo s ive  growth o f  mobile  ra d io  systems com­
bined w ith  the low l e v e l  o f  new spectrum a l l o c a t i o n s  to  
such schemes has led to  the LMR s e rv ic e  becoming 
in c r e a s in g ly  t rou b led  by high l e v e ls  o f  i n t e r f e r e n c e .  
Poss ib ly  one o f  the most common and most d i f f i c u l t  to  
so lve  sources o f  i n t e r f e r e n c e  in ra d io  systems is  t h a t  
caused by in te r m o d u la t io n .  U n fo r tu n a te ly  the r e q u i r e ­
ment fo r  s e v e ra l  systems to cover the same area  
to ge ther  w ith  the use o f  narrow channelised frequency  
bands has r e s u l te d  in  the employment in LMR systems o f  
c o n f ig u r a t io n s  t h a t  are  extremely  prone to  the genera­
t i o n ,  and hence problems associated  w ith  t h i s  type o f  
i n t e r f e r e n c e .
A second and j u s t  as p ro b le m a t ic a l  source o f  
in t e r f e r e n c e  is  th a t  caused by frequency re -u s e .  In the  
e a r ly  days o f  mobile  r a d io  i t  was po ss ib le  to a l l o c a t e  
new channels to each new system i n s t a l l e d .  Unfor­
t u n a t e l y ,  the growth w i th in  the s e rv ic e  meant t h a t  t h i s  
s i t u a t i o n  soon came to an end and, d e s p i te  numerous 
reduct ions  in channel spacings, i t  became necessary to  
re -u se  channels in  d i f f e r e n t  pa r ts  of  the country so
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in t ro d u c in g  fo r  the f i r s t  time the p o s s i b i l i t y  o f  co­
channel i n t e r f e r e n c e .  However, the s i t i n g  o f  co-channel  
t r a n s m i t t e r s  was such th a t  s u f f i c i e n t  geographica l  
s e p a ra t io n  e x is te d  between them to ensure th a t  
throughout the s e rv ic e  area o f  each base s t a t i o n ,  s i g ­
nals from d i s t a n t  co-channel t r a n s m i t t e r s  were always 
below the f r o n t  end noise l e v e l  o f  r e c e iv e r s .
The ever  in c re a s in g  demand fo r  mobile  ra d io  sys­
tems has u n fo r t u n a t e ly  now reached the p o in t  where co­
channel t r a n s m i t t e r s  can no longer have separa t ions  as 
b e fo r e .  Channels are now being re-used a t  d is tances  
t h a t  can produce s i g n i f i c a n t  le v e ls  o f  co-channel  
i n t e r f e r e n c e ,  and hence the s e rv ic e  areas o f  base s t a ­
t io n s  have become l i m i t e d  by co-channel  in t e r f e r e n c e  
r a t h e r  than by f r o n t  end no ise .
This ch ap te r  discusses the mechanism behind the  
g e nera t ion  o f  in te rm o d u la t io n  products ,  and h ig h l ig h t s  
those products which are g e n e r a l ly  regarded as t r o u b l e ­
some to  LMR systems. A t te n t io n  is  a lso given to  the  
p o s s ib le  sources o f  in te rm o d u la t io n  in t e r f e r e n c e  in  
land mobile  schemes. The problems o f  co-channel  
i n t e r f e r e n c e  are  a lso  discussed and i t  is  shown th a t  
due to the  propagat ion  c h a r a c t e r i s t i c s  o f  the mobile  
ra d io  channe l ,  the p r e d ic t i o n  o f  abso lu te  le v e ls  o f  
co-channel i n t e r f e r e n c e  is  not p o s s ib le .  Such
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i n t e r f e r e n c e  l e v e ls  have to  be presented in  s t a t i s t i c a l  
form and t h is  is  done fo r  both a s in g le  co-ch'annel  
i n t e r f e r e r  and fo r  s ix  co-channel i n t e r f e r e r s .
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4 .2  INTERMODULATION INTERFERENCE
4 . 2 . 1  Generation Mechanism
In te rm o d u la t io n  ( IM )  is  a m u l t i p l e  s ig n a l  
in t e r f e r e n c e  mechanism where two or more s ig na ls  mix in  
a n o n - l in e a r  device  to  produce products a t  f requencies  
other  than those of  the in pu t  s ig n a ls .  The frequencies  
a t  which these IM products can occur may be e a s i l y  
der ived  from the mathematical  an a ly s is  o f  such a dev­
i c e ,  but the abso lu te  ampli tude and phase o f  the p ro ­
ducts are  more d i f f i c u l t  to c a l c u l a t e .  T h e i r  dependence 
on many fa c t o r s ,  in c lu d in g  the s t re n g th  o f  the s ig n a ls ,  
the e x ten t  o f  the n o n - l i n e a r i t y ,  and the frequency
r e l a t i o n s h i p  between the s ig n a ls  make i t  impossib le to
determine these q u a n t i t i e s  w ithou t  the use o f  a n a l y t i ­
c a l  models whose parameters are  determined by measure­
ments o f  the s p e c i f i c  n o n - l i n e a r i t y
A n o n - l in e a r  device  can be represented by means o f  
the polynomial t r a n s f e r  c h a r a c t e r i s t i c
gCv3 = AQ + Axv + A2 v2 + A3v3 + ............... + Anvn ( 4 . 1 )
where v de f in es  the e x c i t a t i o n ,  g (v )  is  the output
or response o f  the d e v ic e ,  and Ag, A , A^, e t c .  a re  
constant c o e f f i c i e n t s .
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For a t r u l y  l i n e a r  system a l l  c o e f f i c i e n t s  o f  the  
c h a r a c t e r i s t i c  except are zero ,  and in p r a c t i c a l
systems which aim to be l i n e a r  i t  is  usual to f in d  
Aq = 0 and A^  >> A2 >> A  ^ e t c .  such th a t  the polynomial  
can be t ru n c a te d ,  although t h i s  need not always be the  
case.
I f  the n o n - l i n e a r i t y  is  subjected to  r unmodulated
s in u s o id a l  c a r r i e r s  o f  f requencies  f  ^ , f 2 , ..........  f r>
then an IM product w i l l  be generated whose frequency,
f  is  described by x
f  = mf, + n f„  + ........... + y f  ( 4 . 2 )x 1 2 r
where m, n, .......... .. y are p o s i t i v e  or nega t ive
in te g e rs  and |m| + |n|  + .......... + |y |  s i g n i f i e s  the
order o f  the IM product .
For example, i f  we consider  e x c i t a t i o n  by two
r ds inusoids o f  f requencies  f^ and f 2 , then 3 order IM 
products w i l l  be generated a t  f requencies  equal to  
( 2 f x + f 2 ) ,  C2fx -  f 2 ) ,  ( 2 f 2 + f x ) ,  and ( 2 f 2 -  f ^ .  I f
r qj
we in t ro du ce  a t h i r d  s inuso id  o f  frequency f^> then 3 
order products w i l l  a lso  be generated a t
(fl + f 2 -  V’ Cf2 + f 3 -  V’ (fl + f 3 '  V’ and
f f  + f  + f  N. From t h i s  example i t  can be seen th a t
v 1 2 3)
rda l l  the 3 order products have been der ived  by ta k in g
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a l l  poss ib le  combinations o f  the e x c i t i n g  frequencies
th re e  a t  a t im e .  This can be extended to say t h a t  a l l  
t  h4 order products are  generated by ta k ing  a l l  poss ib le  
combinations o f  the in pu t  s ig n a ls  four a t  a t im e ,  5 ^  
order by ta k in g  f i v e  a t  a t im e ,  e t c .  G e n e ra l is a t io n  o f  
t h i s  leads to  the statement t h a t  a l l  nth order products  
are  formed by ta k in g  a l l  poss ib le  combinations o f  the  
e x c i t i n g  s ig n a ls  n a t  a t im e .
As the number o f  e x c i t i n g  c a r r i e r  s ig n a ls  
in c re a s es ,  the number o f  IM products th a t  can be gen­
e ra ted  by the n o n - l in e a r  device r is e s  r a p i d l y .  F igure
4 .1  shows the r e l a t i o n s h i p  between the number o f  e x c i t ­
ing s ig n a ls  and the number o f  IM products generated up
4- c t h  i „ ( 2 )to  5 order
Modulated s ig n a ls  can be considered as a c l u s t e r
o f  e x c i t i n g  s inusoids cover ing  the range f  + A where
f  is  the nominal frequency o f  the c a r r i e r  and A is  the  c
h a l f  bandwidth o f  the modulated s i g n a l .  Each component 
can be regarded as one o f  the inputs  to the device  so 
broadening the IM s p e c t r a l  l i n e .  The e x ten t  o f  the  
broadening is  dependent on the bandwidth occupied by 
the c o n t r ib u t in g  modulated s ig na ls  and the m u l t i p l i c a ­
t io n  fa c to r  o f  t h a t  c o n t r i b u t i o n .  For modulated s ig n a ls  
occupying the same bandwidth, the maximum spread o f  a 
product is  + nA where n is  the order o f  the product .
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Number o f  E x c i t i n g  S i g n a l s
N o t e .  The t o t a l  number o f  IM p r o d u c t s  i n c l u d e s  p o s i t i v e  
and n e g a t i v e  f r e q u e n c i e s .  The number o f  p o s i t i v e  i e .  
r e a l  f r e q u e n c i e s ,  i s  a lways  g r e a t e r  than 50% o f  t h e  
t o t a l  shown,  the  a c t u a l  p e r c e n t a g e  b e i n g  dependent  on 
t h e  n u m e r i c a l  v a l u e s  o f  t h e  fu nd a me n ta l  f r e q u e n c i e s .
F i g u r e  4 . 1 .  E f f e c t  o f  t h e  Number o f  E x c i t i n g  S i g n a l s  
on t h e  G e n e r a t i o n  o f  I n t e r m o d u l a t i o n  P r o d u c t s .
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The s p e c t ra l  range th a t  can be occupied by IM p ro ­
ducts is  thus v a s t .  Even order products can extend from 
dc a t  the lower end to  n times the h ighest  frequency at  
the upper end. Odd order products have a s l i g h t l y  
reduced range from the s m a l les t  d i f f e r e n c e  between two 
s ig n a ls  to n times the h ighest f requency.  Although  
th e re  is  no t h e o r e t i c a l  l i m i t  to the number of  IM pro ­
ducts th a t  can be o b ta ined ,  only a r e l a t i v e  few are o f  
consequence in mobile ra d io  systems.
IM products ,  a lthough always being a p o t e n t i a l  
source o f  i n t e r f e r e n c e ,  become p a r t i c u l a r l y  troublesome  
when they f a l l  on a frequency assigned to a r e c e iv e r  
which is  s i t u a t e d  c lose  to  the source o f  the IM. In the  
worst case, t h i s  in t e r f e r e n c e  can be so severe as to  
o v e r - r i d e  the wanted s i g n a l ,  o b l i t e r a t i n g  i t  com­
p l e t e l y .  More commonly though, the s t re n g th  o f  the pro­
duct may be i n s u f f i c i e n t  to  cause t o t a l  d is ru p t io n  o f  
communications, but r a t h e r  to degrade the q u a l i t y  to a 
vary ing  e x t e n t .  Other s i t u a t i o n s  may a r is e  when i t  
merely r e s u l t s  in  causing annoying break- through and 
burs ts  o f  noise and g a rb le  when the channel is  not in  
use.
In LMR systems, the use o f  frequencies  in  r e l a ­
t i v e l y  small  channel ised bands means t h a t  only  the odd 
order products o f  the form ( 2 f^ -  f 2 3» ( ^ 2  “ 2 f ^ ) ,  and
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( f ^  + f 2 -  ^3 ) can po ss ib ly  f a l l  w i th in  the band o f  
opera t io n  of  a scheme and hence cause in t e r f e r e n c e  
problems. I t  is  a lso h e lp f u l  th a t  in  almost a l l  cases 
of  IM, as the order o f  the product increases i t s  am pl i ­
tude decreases. Thus the higher the order of  the pro­
duct the sm al le r  the ampli tude and hence the lower the
l e v e l  o f  i n t e r f e r e n c e .  I t  i s  u s u a l ly  only  the 3rd and 
5 ^  order products which have s u f f i c i e n t  ampli tude to  
be troublesome, a l though under c e r t a in  c o nd i t ion s  the  
magnitude o f  products up to l l *^1 order have been known 
to cause problems.
The f a c t  t h a t  most o f  the IM products generated  
w ith in  a system are not d e t r im e n ta l  to  th a t  p a r t i c u l a r  
scheme does not mean t h a t  they can be ignored and f o r ­
gotten  about. I t  is  h ig h ly  probable  th a t  some of  these  
w i l l  f a l l  w i t h in  frequency bands o f  o ther  ra d io  systems 
causing i n t e r f e r e n c e .  Thus i t  is  im portant  to fo l lo w  
good eng ineer ing  p r a c t ic e  and design and i n s t a l l  sys­
tems so as to  minimise the ge nera t ion  o f  a l l  IM p ro ­
ducts ,  not only fo r  the sake o f  the system concerned 
but a lso fo r  a l l  o ther  ra d io  spectrum users.
4 . 2 . 2  Sources of  IM Generat ion
The mechanism fo r  ge ne ra t ing  IM products w ith  the  
p o t e n t i a l  o f  causing i n t e r f e r e n c e  e x is t s  in  3 major
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c a te g o r ie s  in  mobile ra d io  systems.
(1 )  In a l l  r a d io  t r a n s m i t t e r s  th a t  are s i t u a t e d  in
c lose p ro x im i ty  to o ther  t r a n s m i t t e r s .
(2 )  In a l l  r e c e iv e rs  th a t  are sub jec t  to a m u l t i p l i ­
c i t y  of  strong s ig n a ls .
(3 )  In antenna feed systems, towers,  ru s ty  or c o r ­
roded metal s t r u c t u r e s ,  e l e c t r i c a l  w i r in g ,  e t c .  ( 
commonly known as the ’ ru s ty  b o l t ’ e f f e c t . )
The need fo r  more than one mobile ra d io  system to  
cover the same geographica l  area has led to the sharing  
o f  f a c i l i t i e s  fo r  transm iss ion  and re c e p t io n  a t  fa v o u r ­
ab ly  located  roo f top  or h i l l t o p  s i t e s .  This has crea ted  
s i t e s  where many t r a n s m i t t e r s  and re c e iv e rs  are c lo s e ly  
loca ted  to one an o th er ,  and consequently  is  a l i k e l y  
place fo r  IM to occur.  The primary source o f  IM genera­
t io n  in  t h i s  area is  the mutual i n t e r a c t i o n  of  
t r a n s m i t t e r  output c i r c u i t s  through an ten na- to -an tenna  
coupl ing  The power output from one t r a n s m i t t e r  can
be ra d ia te d  in to  the antennae o f  o ther  t r a n s m i t t e r s .  
This r e s u l t s  in  s ig n a ls  from each t r a n s m i t t e r  en te r in g  
the f i n a l  a m p l i f i e r  stages o f  o ther  t r a n s m i t t e r s .  Any 
n o n - l i n e a r i t y  in  these a m p l i f i e r s  makes them act  as 
m ixers ,  mixing t h e i r  own s ig n a l  and those e n te r in g  v ia  
the antenna. The products produced are  then r e - r a d i a t e d
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by the antenna and can be rece ived  as i n t e r f e r e n c e .
M a in ta in in g  i s o l a t i o n  between the outputs o f  a 
number o f  t r a n s m i t te r s  sharing a s i t e  is  a formidable  
t a s k .  Location o f  the antennae on the mast such th a t  
good i s o l a t i o n  e x is t s  between them is  u s u a l ly  impossi­
b le  w ithout  s a c r i f i c i n g  area coverage. The s o lu t io n  to  
the problem has been to  couple a number o f  t r a n s m i t te r s  
o p e ra t in g  in  the same frequency band to g e th er  so th a t  
they can be connected to  a s in g le  a e r i a l .  This a l lows a 
known degree o f  i s o l a t i o n  to be in s e r te d  between the  
t r a n s m i t t e r s ,  and a lso  reduces the number o f  antennae  
req u ire d  a t  a base s t a t i o n  s i t e .  U n fo r tu n a te ly ,  to  pe r ­
form t h i s  m u l t i - c o u p l in g  o f  t r a n s m i t te r s  re q u ire s  the 
use o f  components which can in troduce t h e i r  own s p u r i ­
ous ou tpu ts .  The use o f  i s o l a t i o n  and combining com­
ponents c o n ta in in g  n o n - l in e a r  m a te r ia ls  i e .  f e r r i t e ,  
and wideband a m p l i f i e r s  op era t ing  supposedly in  a t r u l y  
l i n e a r  mode can a l l  g ive  r i s e  to  the gen era t ion  of  IM 
p ro d u c ts .
The coupl ing o f  many re c e iv e rs  to  a s in g le  antenna 
is  a lso  common p r a c t ic e  nowadays. Such a system u s u a l ly  
employs a wideband l i n e a r  d i s t r i b u t i o n  a m p l i f i e r .  Cou­
p l in g  between t r a n s m i t t e r  and r e c e iv e r  antennae or a 
mobile  c lose  in  to the s i t e  can cause t h i s  arrangement  
to become a ge nera tor  o f  IM i n t e r f e r e n c e .  The huge
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dynamic range th a t  e x is ts  between t r a n s m i t t e r  output  
powers and r e c e iv e r  s e n s i t i v i t i e s  means t h a t  th is* d i s ­
t r i b u t i o n  a m p l i f i e r  can be dr iven  in to  a n o n - l in e a r  
mode hence c r e a t in g  IM products .  Even f requencies  which 
are s l i g h t l y  ou ts ide  the passband of  the a m p l i f i e r  can 
s t i l l  be strong enough to cause problems.
The f i n a l  cause o f  IM in t e r f e r e n c e  a t  a s i t e  is  
probably the l e a s t  common, but undoubtably the most 
d i f f i c u l t  to f in d  and p rev e n t .  The e x is te n c e  of  c o r ­
roded j o i n t s  or contacts  on or around a s i t e  present  
f u r t h e r  areas w ith  n o n - l in e a r  c h a r a c t e r i s t i c s .  I l l u m i ­
n a t io n  o f  these ju n c t io n s  by t r a n s m i t t e r  antennae leads  
to  the genera t ion  and r e - r a d i a t i o n  o f  unwanted spurious  
outputs w ith  the p o t e n t i a l  to  cause IM in t e r f e r e n c e .
So f a r  the ge nera t ion  o f  IM products has concen­
t r a t e d  on the base s t a t i o n  s i t e  where, i t  is  agreed,  
most IM i n t e r f e r e n c e  o r i g i n a t e s .  However, the mobile  
r e c e iv e r  is  another prime p lace fo r  such spurious o u t ­
puts to be formed. The f r o n t  end o f  the r e c e iv e r  is  to  
a degree a n o n - l in e a r  device and so has the p o t e n t i a l  
to  generate  IM products .  A product generated by r e c e i v ­
ing two or more strong s ig n a ls  e i t h e r  from a base s t a ­
t i o n  or from o ther  mobiles in  the v i c i n i t y  can f a l l  on 
a channel frequency assigned to the mobile to r  recep­
t i o n  and hence cause i n t e r f e r e n c e  problems.
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4 .3  CO-CHANNEL INTERFERENCE
Co-channel i n t e r f e r e n c e  is  experienced in  rad io  
systems whenever the rece ived  l e v e l  o f  a wanted s i g n a l ,  
s^ does not exceed the rece ived  l e v e l  o f  a unwanted 
s ig n a l  being t ra n s m i t te d  on the same frequency,  s2 by a 
s a t i s f a c t o r y  amount. This can be expressed more suc­
c i n c t l y  by the expression fo r  the occurrence o f  co­
channel in t e r f e r e n c e  o f
s 1 < r s 2 ( 4 . 3 )
where r is  the p r o t e c t io n  r a t i o ,  the minimum r a t i o
of  wanted to  unwanted s ig n a l  l e v e l  fo r  s a t i s f a c t o r y
(4 )re ce p t io n  fo r  the type o f  modulation being used
In LMR schemes both base s t a t io n s  and mobiles can 
s u f f e r  from co-channel i n t e r f e r e n c e .  The s i t i n g  o f  base 
s t a t io n s  on prominent p innac les  and the f a c t  th a t  
mobiles spend most o f  t h e i r  time in  h ig h ly  b u i l t - u p  
urban/suburban a rea s ,  to g e th e r  w ith  the d i f f e r e n c e  in  
base s t a t i o n  and mobile t r a n s m i t t e r  output powers gen­
e r a l l y  found in  LMR schemes means t h a t  the mobile is  
more l i k e l y  to re c e iv e  s ig n a ls  from co-channel base 
s t a t io n s  than a base s t a t i o n  is  to  re c e iv e  s ig n a ls  from 
co-channel mobi les .  Thus i t  is  the mobile t h a t  u s u a l ly  
s u f fe rs  w ith  problems o f  co-channel i n t e r f e r e n c e *
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although in cond i t ion s  o f  anomalous propagation both 
mobile  and base s t a t io n  can be su b je c t  to  severe l e v e ls  
of such i n t e r f e r e n c e .
The l e v e l  o f  co-channel i n te r f e r e n c e  th a t  w i l l  be 
experienced in a system w i l l  understandably depend upon 
s e v e ra l  f a c to r s .  One o f  the major fa c to rs  is  obviously  
the propagation c h a r a c t e r i s t i c s  th a t  are encountered in  
LMR schemes. The su b je c t  of  radiowave propagation in  
the mobile  environment is  one th a t  has rece ived  consid­
e ra b le  a t t e n t i o n  over the years r e s u l t i n g  in  the pub­
l i s h i n g  o f  se v e ra l  c la s s ic  papers ^ ^ ^ ^ I n  
a t y p i c a l  mobile  r a d io  s i t u a t i o n ,  the propagation  
between base s t a t io n  and mobile  is  r a r e l y  by a d i r e c t  
l i n e - o f - s i g h t  ro u te ,  but v ia  a m u l t i tu d e  o f  d i f f e r e n t  
ro u te s .  The lack  o f  a unique propagation path between 
t r a n s m i t t e r  and r e c e iv e r  causes the instantaneous l e v e l  
of the rece ived  s ig n a l  to e x h i b i t  a h ig h ly  v a r ia b le  
s t r u c t u r e  w ith  the motion of  the mobi le .
r 9 )
I t  is  g e n e r a l ly  agreed th a t  propagation in LMR 
systems can be d iv ided  i n t o  th re e  d i s t i n c t  f a c t o r s .
( 1 )  An inverse  fo u r th  power dependence o f  mean 
rece ived  s ig n a l  power on the d is tan ce  between 
t r a n s m i t t e r  and r e c e i v e r .
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(2 )  A shadowing e f f e c t  caused by the d i f f r a c t i o n  o f  
radiowaves around b u i ld in g s  and other  t e r r a i n  
f e a t u r e s .
(3 )  A f a s t  fading e f f e c t  due to a standing wave p a t ­
te rn  se t  up by the m u l t i p le  r e f l e c t i o n s  of  
radiowaves from ob jec ts  in  c lose p ro x im i ty  to the  
mobile .
A l l  o f  these have been considered in  g re a t  d e t a i l  
p re v io u s ly  and the s t a t i s t i c a l  na ture  of  the sha­
dowing and fading e f f e c t s  are w e l l  known. I f  we assume 
fo r  the moment th a t  the rece ive d  s ig n a l  power is  s o le ly  
dependent on an inverse  fo u r th  law r e l a t i o n s h i p  w ith  
d is ta n c e ,  then the l e v e l  of  a wanted s i g n a l ,  m^  
rece ived  by a mobile from a base s t a t i o n  w i l l  be given  
by
ml = ” 2 (4-4)
dl
and s i m i l a r l y ,  the l e v e l  o f  the unwanted s i g n a l ,  
m2 from the co-channel  t r a n s m i t t e r  is  given by
m2 = —|  ( 4 . 5 )
d2
where the t r a n s m i t t e r s  are assumed to be i d e n t i ­
c a l ,  K is  a propagation constant common to  both ,  and d^
-  83 -
and d2 are the d istances from the mobile to  
and unwanted base s t a t io n s  r e s p e c t i v e l y .
Combining equations 4 .4  and 4 .5  gives
h. ii
m2 -  d2
Thus i f  fad ing  and shadowing e f f e c t s  are ignored ,  
the expression fo r  the occurrence o f  co-channel  
i n t e r f e r e n c e  can be w r i t t e n  as
This de f in es  a sharp boundary between co-channel  
and no co-channel i n t e r f e r e n c e  areas as the locus of  
d2/d^ = \J~r» However, in  a p r a c t i c a l  mobile system the 
f l u c t u a t i o n s  in  rece ive d  s ig n a l  l e v e l  mean th a t  i t  is  
not poss ib le  to ignore fad ing  and shadowing e f f e c t s  
w ithout  producing an unreasonably o p t i m i s t i c  v iew.  
U n f o r tu n a te ly ,  the s t a t i s t i c a l  na ture  o f  these  
phenomena mean t h a t  in  p r a c t ic e  th e re  is  no simple  
boundary th a t  e x is ts  between areas w ith  and without  
co-channel  in t e r f e r e n c e  and hence such i n t e r f e r e n c e  can 
only be measured in  terms o f  p r o b a b i l i t i e s .
the wanted
( 4 . 6 )
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Using the r e la t io n s h ip s  th a t  have been der ived fo r  
the f l u c t u a t i n g  mobile s ig n a l  i t  is  poss ib le  to
c a l c u l a t e  the p r o b a b i l i t y  o f  co-channel in t e r f e r e n c e  
occuring under fad ing and shadowing c o n d i t io n s  in  terms 
o f  the p r o t e c t io n  r a t i o ,  r ,  and the standard d e v ia t io n  
of  the shadowing, a ,  being experienced by the mobile .  
Figure  4 .2  shows the p r o b a b i l i t y  o f  co-channel
in t e r f e r e n c e  w ith  shadowing and fad ing  e f f e c t s  taken  
in t o  c o n s id e r a t io n .  R is  the p r o t e c t io n  r a t i o
expressed in  dB, the th re e  values o f  a are fo r  d i f ­
f e r e n t  areas o f  lo c a t io n  of  the mobile i e .  u s u a l ly  
between 6 and 12dB in urban areas and below 6dB in
r u r a l  a rea s ,  and m., and m .0 are the area means o f  the7 dl 02
wanted and unwanted s ig na ls  r e s p e c t i v e l y .  I t  can be 
seen th a t  high le v e ls  o f  co-channel in t e r f e r e n c e  can 
occur even near the wanted t r a n s m i t t e r  where the mean 
l e v e l  o f  the wanted s ig n a l  is  much g r e a te r  than th a t  of  
the unwanted s i g n a l .
So f a r  only  one co-channel  t r a n s m i t t e r  has been 
considered when p r e d ic t i n g  co-channel in t e r f e r e n c e  l e v ­
e l s .  In most systems, e s p e c i a l l y  c e l l u l a r  type systems,  
th e re  is  more than one unwanted s i g n a l .  In t h i s  s i t u a ­
t io n  the p r o b a b i l i t y  o f  co-channel i n t e r f e r e n c e  occur­
ing becomes e x p re s s ib le  by
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s, < r ) s . ( 4 . 8 )
1 j t i  J
where n is  the number o f  co-channel s ig n a ls .
For s ix  co-channel t r a n s m i t te r s  lo ca te d  as shown
in F igure  4 .3  the p r o b a b i l i t y  o f  co-channel i n t e r f e r -
(12 )ence is  as shown in  F ig ure  4 .4   ^ . A comparison of
F igures 4 .2  and 4 .4  show t h a t  th e re  is  a s i g n i f i c a n t  
incre as e  in the p r o b a b i l i t y  o f  co-channel i n t e r f e r e n c e  
fo r  s ix  i n t e r f e r i n g  s ig n a ls  over th a t  fo r  j u s t  a s in g le  
i n t e r f e r e r .
In the c a l c u l a t i o n  o f  these co-channel i n t e r f e r ­
ence p r o b a b i l i t i e s  i t  has been assumed t h a t  the fad ing  
and shadowing in  the wanted and co-channel s ig n a ls  are  
u n c o r r e la te d .  This is  c e r t a i n l y  t ru e  fo r  the fa d in g ,  
but the shadowing may be p a r t i a l l y  c o r r e la t e d  and so 
the assumption has the e f f e c t  o f  making the p r e d ic t io n s  
p e s s i m is t i c .  I t  i s  a lso  assumed th a t  the standard d e v i ­
a t io n  o f  the wanted s i g n a l ,  and t h a t  o f  the
i n t e r f e r i n g  s i g n a l ( s ) ,  are  equal ,  which is  a reason­
able  assumption s ince shadowing is  p r i m a r i l y  a fu n c t io n  
of  the topography near to  the mobile .
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F i g u r e  4.
I n t e r f e r i n g
T r a n s m i t t e r
+ +
Wanted
T r a n s m i t t e r
4 -  +
4-  4"
3. G e o g r a p h i c a l  L o c a t i o n  o f  S i x  C o- ch a nn e l  
T r a n s m i t t e r s .
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CHAPTER FIVE
POWER CONTROL OF RADIO TRANSMITTERS LAND MOBILE
RADIO SYSTEMS
5.1  INTRODUCTION
Despite  a l l  the time and e f f o r t  a f fo rd e d  to e l i m ­
in a t i n g  the problems o f  in t e r f e r e n c e  in  the expanding 
LMR s e r v ic e ,  the e x is tenc e  o f  IM and co-channel  
i n t e r f e r e n c e  seems, u n f o r tu n a t e ly ,  to  have become a 
f a c t  o f  l i f e .  The i n a b i l i t y  to  complete ly  remove such 
troublesome e f f e c t s  makes the n e c es s i ty  to  keep t h i s  
type o f  i n t e r f e r e n c e  to  a minimum an obvious one. 
Hence, any technique th a t  could br ing  about a redu c t io n  
in  the le v e ls  o f  e i t h e r  should be pursued, w i th  s p e c ia l  
a t t e n t i o n  being given to schemes which could help  
achieve a redu c t io n  in  both.
The frequency re -u s e  fe a tu re  of  c e l l u l a r  schemes 
makes fo r  e f f i c i e n t  spectrum u t i l i s a t i o n ,  but as these  
systems become e s ta b l is h e d  the i n e v i t a b l e  problem o f  
co-channel i n t e r f e r e n c e  associated w ith  such a te c h ­
nique w i l l  become a l l  too apparen t .  In prev ious conven­
t i o n a l  systems, co-channel in t e r f e r e n c e  has g e n e r a l ly  
e x is te d  between schemes operated by d i f f e r e n t  o rg a n is a ­
t i o n s ,  and so, s ince the l e v e l  o f  such in t e r f e r e n c e  has 
been under the c o n t r o l  o f  o ther  co-channel systems, has
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remained r e l a t i v e l y  unchecked. However, in  the case o f  
c e l l u l a r  type schemes, co-channel i n t e r f e r e n c e  can and 
w i l l  e x i s t  between s e rv ic e  areas o f  the same system. 
T ra n sm it t in g  more power than is  a b s o lu te ly  necessary in  
one c e l l  can lead to higher l e v e ls  o f  in t e r f e r e n c e  
being experienced in  o ther  co-channel c e l l s ,  and as a 
r e s u l t ,  c e l l u l a r  schemes could w e l l  f in d  themselves in  
the r i d ic u lo u s  s i t u a t i o n  o f  being ’ s e l f  co-channel  
i n t e r f e r e n c e ’ l i m i t e d .
One obvious s o lu t io n  to t h i s  co-channel i n t e r f e r ­
ence problem is  to  c o n t r o l  the output power o f  
t r a n s m i t te r s  such t h a t  the r a d ia te d  power is  kept to  
the minimum necessary l e v e l  to  prov ide  adequate commun­
i c a t i o n  q u a l i t y .  Many c u r re n t  c e l l u l a r  systems a lready  
employ such a scheme to vary ing  e x ten ts  in  order to  
enable the output power o f  mobile t r a n s m i t t e r s  to  be 
re g u la te d  in  t h i s  manner under c o n t r o l  from the base 
s t a t i o n .  This not only reduces the p o s s i b i l i t y  o f  t h e i r  
s ig n a l  being picked up by d i s t a n t  co-channel base s t a ­
t i o n s ,  but prevents  d e s e n s i t i s a t io n  a t  the lo c a l  base 
s t a t i o n  r e c e iv e r  and hence the consequent ia l  ge nera t ion  
o f  IM i n t e r f e r e n c e .  The extension o f  such power c o n t r o l  
to  base s t a t i o n  t r a n s m i t t e r s  has the p o t e n t i a l  to  b r in g  
about a s i g n i f i c a n t  re d u c t io n  in  the high le v e ls  o f  
co-channel i n t e r f e r e n c e  present in  c e l l u l a r  mobile
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r e c e p t io n ,  thus making such schemes more operable  and 
hence e f f e c t i v e l y  more e f f i c i e n t  than they otherwise  
would be.
This chapter  in v e s t ig a te s  the su b jec t  o f  
t r a n s m i t t e r  power c o n t r o l  together  w ith  i t s  a p p l ic a ­
t io n s  in  LMR and o ther  types o f  ra d io  communication 
systems. C oncentra t ion  is  however, centred  on the LMR 
aspects o f  power c o n t r o l ,  p a r t i c u l a r l y  those o f  c e l l u ­
l a r ,  and the advantages to  be gained from i t s  use. Con­
s id e r a t i o n  is  given to  the reduct ion  o f  generated IM 
i n t e r f e r e n c e  a t  c e l l u l a r  base s t a t io n  s i t e s  due to the  
in t r o d u c t io n  o f  output power c o n t ro l  in  m obi les ,  and 
d e t a i l s  the e x te n t  o f  such c o n t ro l  p r e s e n t ly  used by 
c u r re n t  systems. The re d u c t io n  o f  co-channel i n t e r f e r ­
ence by the use o f  base s t a t io n  power c o n t r o l  is  a lso  
discussed, and some in d i c a t i o n  is  given as to the  
decrease in  i n t e r f e r e n c e  t h a t  could be expected from 
the implementat ion o f  such a scheme.
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5 .2  BACKGROUND AND AREAS OF APPLICATION OF TRANSMITTER
POWER CONTROL
T ra n s m it t in g  more power than is  a b s o lu te ly  neces­
sary in  a ra d io  system is  not only w as te fu l  but poten­
t i a l l y  harmful to  o ther  ra d io  spectrum users ,  e i t h e r  
d i r e c t l y  through op e ra t io n  on the same channel or a d ja ­
cent channels or i n d i r e c t l y  by over load ing  c i r c u i t s  to  
cause IM. For a la r g e  p a r t  o f  the time the power r a d i ­
ated from a t r a n s m i t t e r  is  f a r  in  excess o f  th a t  neces­
sary to  prov ide  the re q u ire d  communication q u a l i t y .  
However, the use o f  a system th a t  enabled t r a n s m i t t e r  
output powers to be c o n t r o l l e d  in  accordance w ith  the  
v a r i a t i o n s  in  the t ransm iss ion  c h a r a c t e r i s t i c s  o f  the  
ra d io  channel would enable the c o r r e c t  l e v e l  o f  power 
to  be mainta ined a t  a l l  t im es .  The usefu lness o f  such a 
concept has been shown by the d e sc r ib in g  o f  s e v era l  
s i t u a t i o n s  in  which the use o f  t r a n s m i t t e r  power con­
t r o l  could be advantageous.
I t  is  b e l ie v e d  th a t  the f i r s t  systems to  make use 
of  t r a n s m i t t e r  power c o n t r o l  were the t ropospher ic  
s c a t t e r  schemes used in  long range microwave l i n k s .  
This type o f  ra d io  system has always been prone to  
problems assoc ia ted  w i th  enhanced propagation caused by 
ducting c o n d i t io n s .  Although enhanced propagation con­
d i t io n s  a f f e c t  most r a d io  communication systems to  some
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e x te n t  in  one way or another ,  the range o f  enhancement 
encountered, in  t rop osp he r ic  s c a t t e r  systems is  such 
t h a t  the rece ived  s ig n a l  l e v e l  can r i s e  by as much as 
50dB or more above the mean va lue .  This la rg e  increase  
causes the r e c e iv e r  to  become s a tu r a te d ,  u s u a l ly  in  the  
low noise f r o n t  end a m p l i f i e r ,  and r e s u l ts  in  the o u t ­
put becoming d i s t o r t e d .  This obviously  causes problems 
w ith  the a v a i l a b i l i t y  and r e l i a b i l i t y  o f  t h i s  type o f  
communication system. However, more ser ious  from the  
p o in t  o f  view o f  o ther  ra d io  users is  the in t e r f e r e n c e  
e f f e c t s  which t rop osp he r ic  s c a t t e r  s ig n a ls ,  su b je c t  to  
enhancement, can have on o ther  systems, e s p e c i a l l y  on 
l i n e - o f - s i g h t  microwave l i n k s .
Although the problem o f  excessive r e c e iv e r  l e v e l  
could be overcome by in c re a s in g  the dynamic range o f  
the r e c e i v e r ,  assuming th a t  t h is  was indeed p o s s ib le ,  
i t  is  ev ident  t h a t  the only way to  overcome the  
i n t e r f e r e n c e  problem is  to  t ra n sm it  the s ig n a l  a t  a 
l e v e l  which more or less  matches the propagat ion  cond i­
t i o n s .  In 1976 a c o n f i g u r a t io n  aimed a t  ach iev ing  t h i s  
c o n t r o l  o f  t r a n s m i t t e r  power was repo rted  The
scheme, which was then being developed by Marconi Com­
munications Systems was a f u l l y  automatic  system and 
allowed the output power l e v e l  o f  the t r a n s m i t t e r  a t  
one end o f  the l i n k  to  be c o n t r o l l e d  by the s ig n a l
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s t re n g th  of  the incoming s ig n a l  at  the re c e iv e  end. 
1978- saw the i n s t a l l a t i o n  o f  the system fo r  the f i r s t  
t ime in  p a r t  of  a network o f  t ropospher ic  s c a t t e r  c i r ­
c u i t s  fo r  communications with  North Sea o i l  p la t fo rm s  
( 2 )
Two other  s i t u a t i o n s  in  which a v a r i a b l e  l e v e l  o f  
t r a n s m i t t e r  power could be o f  s i g n i f i c a n t  b e n e f i t  have 
been described The f i r s t  is  connected w ith  the
extended b a t t e r y  l i f e  th a t  could be achieved in  mobile  
equipment. The use o f  a mobile or hand p o r ta b le  u n i t  
fo r  long periods o f  t ime without  having access to  new 
b a t t e r i e s  or recharg ing  f a c i l i t i e s  is  q u i te  po s s ib le  in  
c e r t a i n  circumstances eg. mountain rescue s e r v ic e s .  The 
use o f  a f u l l y  automatic  power c o n t r o l  scheme under 
such co nd i t ion s  could s i g n i f i c a n t l y  extend the t ime fo r  
which the mobile equipment could be used, and hence 
increase  the o p e ra t in g  e f f i c i e n c y  and a b i l i t y  o f  the  
ra d io  u n i t .
The second se t  o f  circumstances under which a 
t r a n s m i t t e r  power c o n t r o l  scheme could be advantageous  
i s  concerned w ith  the o p e ra t io n  o f  ra d io  equipment on a 
s p e c t r a l l y  q u ie t  basis  i e .  communication s e c u r i t y .  The 
use o f  power c o n t r o l  f o r  such a purpose can be a p p r e c i ­
ated by the f a c t  th a t  i t  is  more d i f f i c u l t  to  in t e r c e p t  
a ra d io  s ig n a l  i f  t h a t  s ig n a l  is  being t ra n s m i t te d  w ith
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low power. A power c o n t r o l  system op era t ing  such th a t  
t r a n s m i t t e r s  powers are kept to the minimum le v e l  
necessary fo r  s a t i s f a c t o r y  communication to be achieved  
could be a simple and e f f e c t i v e  way to  ensure th a t  
in t e r c e p t io n  by a t h i r d  p a r ty  is  made more d i f f i c u l t .
Another area in  which t r a n s m i t t e r  power c o n t ro l  
has been considered is  in  i t s  a p p l ic a t io n  to spread 
spectrum LMR systems. The growth in  the number of  
m u lt i -a c c e s s  mobile  ra d io  systems p re s e n t ly  being  
i n s t a l l e d  and considered has fue led  research in to  the  
use o f  spread spectrum techniques fo r  such schemes. 
There have been s e v e ra l  papers published e x t o l l i n g  the  
v i r t u e s  o f  these techn iques ,  e s p e c ia l l y  fo r  small  area  
c e l l  coverage systems ( ^ ) , ( 5 ) , ( 6 )  where i t  has been 
shown t h a t  FM systems can become l i m i t e d  from a d ja ­
cent and co-channel i n t e r f e r e n c e .  One o f  the advantages  
i l l u s t r a t e d  by a l l  the authors is  th a t  as the c e l l  s ize  
in  such systems is  reduced, the number o f  simultaneous  
users w i th in  the c e l l  per MHz o f  occupied bandwidth 
t h a t  a spread spectrum scheme can support can s i g n i f i ­
c a n t ly  exceed t h a t  o f  FM systems. However, i t  has been
r 8 1pointed out t h a t  such r e s u l t s  have almost c e r t a i n l y  
been obtained by assuming th a t  the s ig n a l  l e v e l  from 
each mobile u n i t  is  rece iv e d  a t  the base s t a t i o n  at  
e x a c t ly  the same l e v e l .  To enable t h i s  s i t u a t i o n  to  be
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r e a l i s e d  in p r a c t i c a l  systems re q u ire s  each mobile  
t r a n s m i t t e r  to have a power c o n t ro l  system such th a t  
the output power of  the equipment can be remote ly  con­
t r o l l e d  by the base s t a t io n  thus a f f e c t i n g  the neces­
sary power e q u a l i s a t i o n .
The implementat ion o f  t r a n s m i t t e r  power c o n t r o l  in  
c e l l u l a r  systems can be seen to  help so lve  two major 
problems assoc ia ted  w ith  t h i s  type o f  scheme. F i r s t l y ,  
the use o f  power c o n t r o l  fo r  mobile t r a n s m i t t e r s  can 
help a l l e v i a t e  the IM problems encountered in  the use 
of  base s t a t i o n  r e c e iv e r  d i s t r i b u t i o n  a m p l i f i e r s ,  the  
need fo r  which is  brought about by the requirement to  
connect s e v e ra l  r e c e iv e rs  to a s in g le  antenna.  
Secondly, the use o f  t r a n s m i t t e r  power c o n t r o l  a t  base 
s t a t i o n  s i t e s  can mean a redu ct ion  in  the l e v e ls  of  
co-channel i n t e r f e r e n c e  experienced by mobiles in  c e l ­
l u l a r  systems, e s p e c i a l l y  in  areas where small  c e l l  
s izes  are p re s e n t .  Both o f  these a p p l ic a t io n s  w i l l  now 
be considered in  more d e t a i l .
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5 .3  POWER CONTROL OF MOBILE TRANSMITTERS IN CELLULAR
SYSTEMS
In c e l l u l a r  systems, as in  most o ther  m u l t i ­
channel ra d io  schemes, the i n a b i l i t y  to have a separate  
r e c e iv in g  a e r i a l  a t  base s t a t io n  s i t e s  fo r  each channel  
n e c e s s i ta te s  the use o f  coupling procedures to enable  
many re c e iv e rs  to  be connected to a s in g le  antenna.  
Such m u l t i - c o u p l in g  schemes g e n e r a l ly  employ a wideband 
l i n e a r  d i s t r i b u t i o n  a m p l i f i e r  a f t e r  the necessary  
f i l t e r i n g  as shown in F igure  5 . 1 ,  but u n fo r tu n a t e ly  
t h i s  can lead to  the genera t ion  o f  IM products and the  
co nse qu ent ia l  problems o f  IM in t e r f e r e n c e .
The s ig n a l  rece ived  a t  a base s t a t i o n  from a 
mobile  has a dynamic range which is  dependent on the  
s iz e  o f  the coverage area o f  the base s t a t i o n .  Even fo r  
r e l a t i v e l y  small  s e rv ic e  areas t h is  dynamic range can 
be q u i te  la rg e  and hence, the a e r i a l  d i s t r i b u t i o n  
a m p l i f i e r  must be l i n e a r  not only over the req u ire d  
frequency range,  but a lso  over the wide range o f  p o ss i ­
b le  rece ived  s ig n a l  l e v e l s .  These are very demanding 
requ irem ents ,  and are u n fo r tu n a t e ly  not u s u a l ly  r e a l i s ­
ab le  in  p r a c t i c e ,  thus guarantee ing the ex is te nc e  o f  a 
c e r t a i n  degree o f  n o n - l i n e a r i t y  in  the d e v ice .
I f  i t  is  assumed fo r  the moment t h a t  t h i s  non-
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l i n e a r i t y  can be l i m i t e d  to the t h i r d  o rd e r ,  then the  
t r a n s f e r  c h a r a c t e r i s t i c  of  the a m p l i f i e r  can be w r i t t e n  
as
g ( v )  = A 0  +  Aj v^ + A 2 v 2  +  AjV3 ( 5 . 1 )
where g (v )  is  the output or response of  the dev­
i c e ,  Aq , A^, A^> and A  ^ are  constant c o e f f i c i e n t s ,  and 
v is  the s ig n a l  present  a t  the in put  to  the d e v ic e .
Assuming t h a t  th e re  are  th ree  mobiles communicat­
ing through the base s t a t i o n ,  then cons ider ing  unmodu­
la t e d  c a r r i e r s ,  v can be w r i t t e n  in the form
v = acosoj^t + bcosu^t + ccostu^t ( 5 . 2 )
where a, b, and c are  the s ig n a l  magnitudes and
a), . and id are  the channel f requencies  on which the1* 2 3
mobiles are  o p e ra t in g .
The corresponding output of  the a m p l i f i e r  is  then 
given by
g (  v ) = A0 + A 1 (a co so )1 t+ b c o s a )2 t+ c c o s a )5 t  ) + A 2 (a cosu)1 t+bc oso)2 t
2 3♦ ccosc^t)  +A3 (acos«)1t+bcosa)2 t+ccosa)5 t )  ( 5 . 3 )
Now
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2 a2 b2( acoso^t+bcoso^t+ccoso^t) =-^-( l +cos2a)i t ) +— ( l+cos2o)2 t )
c2
+2“ ( l+ c o s 2a)3 t )+accos t
♦ accos (o^-o)^) t+abcos (o^+o^) t
+abcos ( 0)2 - 01^ ) t+bccos (a)2+a)5 ) t
+bccos(u>2-u)2 ) t  ( 5 . 4 )
and
3 2 2 3
(acosa)1t+bcosa)2 t+ccosa)3t ) 3= (-5 |_ + 2 |^ -+ 2 |^ -)c o s u )1t + ( ^ -
9 2 3 2, 3a b . 3 b c ^  4. j. r 3c , 3b c
*~2 ~~2 )cosa)2  ^ r  2—
, 2  3 . 3
+ - ^ - ^ ) c 0 so) 3 1 + ^ -c  0 s 30)^ t +—  
c 0 s 3oj2 t + ~ - c  0 s 3oj3 t + - ~ ^ —
3ata2c o s ( 2u)2+a)1 ) t + —j — 0 05(20)2-0)^) t
+ ^ |^ - c  0 s ( 20) 3 +0) x ) t + ^ | ^ -  
2
c 0 s ( 20)  ^-  ) t  +-^|—-c  0 s ( 2oj i  +^2 ) t
+^ |-^cos(2o )1-a)2 ) t + ^ | - ^
, 2
c 0 s ( 2o) ^ +w3 ) t +— 0 s ( 2oj ^ 3 ) t
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Thus the spectrum o f  the output  i s  as shown in 
Figure  5 . 2 .  The ampl i tudes of  the products are shown 
d ia gram mat ica l l y  as decreasing wi th  order  number as an 
a id  to c l a r i t y  r a t h e r  than i n d i c a t i n g  t h e i r  ac tu a l  mag­
n i t u d e .  This example i s  fo r  the p a r t i c u l a r  case when 
W1 “ 0*2 /  o>2 -  i e .  non eq ua l l y  spaced channels .  I f
the channels were e q u a l l y  spaced then some of  the IM
products would a c t u a l l y  f a l l  on the channel  f requencies  
under c o n s i d e r a t io n ,  a po in t  th a t  w i l l  be considered in 
f a r  g r e a te r  d e t a i l  in the fo l lo w i ng  chapte r .
Equat ions 5 .4  and 5 .5  show how the ampl i tudes of
the products are dependent on the magnitudes of  the  
incoming s i g n a l s ,  Ag, A^, A2 , and A  ^ being f i x e d  fo r  a 
p a r t i c u l a r  dev ice .  Second and t h i r d  harmonic ampl i tudes
F r e q u e n c y
F i g u r e  5 . 2 .  S p e c t r a l  D i s t r i b u t i o n  o f  Second and T h i r d  O r d e r  I n t e r m o d u l a t i o n  P r o d u c t s  
f o r  a T h i r d  O r d e r  N o n - l i n e a r i t y  E x c i t e d  by Th r ee  U n mo d u l a te d  C a r r i e r s .
are p r o p o r t i o n a l  to the square and cube of  the r e l a t i v e  
s ig n a l  ampl i tudes r e s p e c t i v e l y ,  however i t  i s  the*mag­
n i tude  of  the more troublesome t h i r d  order  products  
t h a t  i s  o f  p a r t i c u l a r  i n t e r e s t .  The ampl i tude o f  2-  
f requency products can be seen to be dependent on the  
magnitude of  combinat ions of  two of  the incoming s i g ­
n a l s ,  whereas the 3- f requency products have ampl i tudes  
t h a t  are governed by the magnitude o f  a l l  th ree  of  the  
s i g n a l s .  The m u l t i p l i c a t i v e  na ture  o f  t h i r d  order  pro­
duct ampl i tudes means th a t  as the l e v e l s  o f  the incom­
ing s igna ls  increase the magnitude of  the products can 
i ncrease at  a much g r e a t e r  r a t e .  For in s t an ce ,  fo r  2-  
f requency products ,  the ex is tence  o f  a squared term in  
the product  ampl i tude means th a t  a doubl ing in the  
rece ived  s ig n a l  s t re ngt h  o f  t h i s  incoming s ig na l  can 
r e s u l t  in a f o u r f o l d  increase in product  magnitude.  
Doubl ing the ampl i tude o f  one o f  the other  rece ived  
s igna ls  would b r ing  about a f u r t h e r  twofold increase  
r e s u l t i n g  in an o v e r a l l  e i g h t f o l d  increase in product  
l e v e l .  For 3 - f requency  products a s i m i l a r  s i t u a t i o n  
e x i s t s ,  in t h a t  a doubl ing o f  two o f  the rece ived  s i g ­
nals  r e s u l t s  in the product  increas ing  by a f a c t o r  of  
f o u r ,  and a doubl ing in a l l  th ree  incoming s igna ls  
means a f a c t o r  o f  e i g h t  in c reas e .  F igures 5 .3  and 5 .4  
i l l u s t r a t e  t h i s  g r e a t e r  r a t e  o f  increase in 2- f requency  
and 3- f requency t h i r d  order  product ampl i tudes
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F a c t o r  o f  I n c r e a s e  o f  Incoming S i g n a l  L e v e l
F i g u r e  5 . 4 .  I n c r e a s e  i n  3 - f r e q u e n c y  T h i r d  Order  P r o d u c t  
A m p l i t u d e  w i t h  I n c r e a s i n g  Incomi ng  S i g n a l  L e v e l .
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r e s p e c t i v e l y  as the l e v e l s  o f  the incoming s igna ls  are  
i ncreased.
Mobi les communicating through the same base s t a ­
t i o n  are more l i k e l y  than not to produce d i f f e r e n t  mag­
n i tude  s igna ls  a t  the common r ec e iv in g  antenna due to  
t h e i r  d i f f e r i n g  l o c a t i o n s  and d istance from the s i t e .  
This v a r i a t i o n  in  rece ived  l e v e l s  can lead to IM pro­
ducts as mentioned above, being generated in the a e r i a l  
d i s t r i b u t i o n  a m p l i f i e r .  C o n t r o l l i n g  the output  power 
from mobi le t r a n s m i t t e r s  means th a t  t h i s  dependence o f  
rece ived  s i g n a l  l e v e l s  on d is tance  can be removed thus 
enabl ing  a more constant  l e v e l  to be rece ived  from a 
mobi le i r r e s p e c t i v e  o f  i t s  p o s i t io n  w i t h in  the c e l l .  
This permi ts a more l i n e a r  a e r i a l  a m p l i f i e r  to be b u i l t  
s ince the l a r g e  dynamic range of  mobi le rece ived s ig na l  
powers no longer  e x i s t s .  Also i f  such a constant  l e v e l  
i s  the minimum to prov ide  s a t i s f a c t o r y  communication 
q u a l i t y ,  then the ampl i tudes of  any IM products gen­
e ra te d  in t h i s  manner are  a t  t h e i r  lowest  poss ib le
l e v e l .  This means not only lower in-band i n t e r f e r e n c e  
l e v e l s  fo r  c e l l u l a r  systems but also reduced le v e ls  o f  
i n t e r f e r e n c e  f o r  other  spectrum users.  This constant  
low l e v e l  o f  any generated IM products may be such so
as to a l low the use o f  f requencies  in the area t h a t
were p re v io u s l y  not  po ss ib le  due to the magnitude of  IM
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i n t e r f e r e n c e  l e v e l s .  This could r e s u l t  in an e f f e c t i v e  
i ncrease in the s p e c t r a l  e f f i c i e n c y  of  not only c e l l u ­
l a r  systems but other  l o c a l  rad io  schemes.
Present  c e l l u l a r  systems have r e a l i s e d  the bene­
f i t s  to be gained by using mobi le t r a n s m i t t e r  power 
c o n t r o l  and many cu r r en t  schemes now possess such a 
f a c i l i t y .  The range o f  c o n t r o l  over which the output  
power o f  mobi les may be changed var i es  from system to  
system, al though a l l  are co ns i s te n t  in using d i s c r e t e  
power c o n t r o l  s teps .  Table 5.1 gives the ex ten t  of  
power c o n t r o l  toge ther  wi th  the number o f  c o n t r o l  steps  
fo r  some of  the c u r r e n t  systems.
In the TACS system a f u r t h e r  degree o f  power con­
t r o l  e x is t s  in t h a t  the re  are four c lasses o f  mobi le  
s t a t i o n  each o f  which has a d i f f e r e n t  nominal  
t r a n s m i t t e r  r a d ia t e d  power. These four  c lasses and 
t h e i r  corresponding output  powers are given in Table  
5 . 2 .  Mobi le s t a t i o n s  o f  c lass  1 may only be conf igured  
as v e h ic u la r  mobi le s t a t i o n s ,  and not as hand p o r t ­
ab les .  Class 2 s t a t i o n s  may be e i t h e r  v e h ic u la r  mobi les  
or t r a n s p o r t a b le  s t a t i o n s ,  but  again cannot be c o n f i g ­
ured as hand p o r t a b l e s .  Only mobi le s t a t i o n s  o f  c lasses  
3 and 4 can be used as hand p o r t a b l e s .  This r e s t r i c t i o n  
of  hand po r tab les  to lower  r a d ia te d  powers helps coun­
t e r a c t  the problems o f  improved propagat ion associated
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C e l l u l a r
System
Mobi le Power 
Cont ro l  Range





NORDIC 900 20dB 3
TACS 32dB 8
Table 5 . 1 .  Extent  o f  Mobi le Power Contro l  in Some of  
the Cur rent  C e l l u l a r  Systems.
Class of  
Mobi le






lOdBW (1 0 .0  Watts)  
6dBW ( 4 . 0  Watts)  
2dBW ( 1 . 6  Watts)  
-2dBW ( 0 . 6  Watts)
Table 5 . 2 .  Nominal ERP f o r  Each Class of  Mobi le S ta t io n
in TACS.
-  I l l  -
wi th the opera t ion o f  such un i ts  from w i th in  t a l l  
b u i l d i n g s .  Table 5 .3  gives the power l e v e l s  and the  
corresponding r a d ia te d  powers fo r  the four  d i f f e r e n t  
classes o f  mobi le .
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Mobi le S t a t io n  
Power Level
Nominal ERP (dBW)
Mobi le S t a t io n  Power Class
1 2 3 4
0 10 6 2 -2
1 2 2 2 -2
2 -2 -2 -2 -2
3 -6 -6 -6 -6
4 -10 -10 -10 -10
5 -14 -14 -14 -14
6 -18 -18 -18 -18
7 -22 -22 -22 -22
Table 5 . 3 .  TACS Mobi le S t a t io n  Nominal Power Levels .
-  113 -
5 .4  TRANSMITTER POWER CONTROL FOR CELLULAR BASE STA­
TIONS
Common antenna working i s  now an es tab l i s h ed  tech­
nique in m u l t i - ch an n e l  mobi le rad io  systems. The 
m u l t i - c o u p l i n g  procedures th a t  are adopted a t  f i xe d  
s t a t i o n  s i t e s  fo r  the connect ion o f  severa l  
t r a n s m i t t e r s  to a s in g le  antenna have a l ready  been men­
t ioned  in chapter  f o u r .  Such techniques are va luab le  in  
t h a t  they not only avoid a p r o l i f e r a t i o n  o f  antennae,  
thus reducing the loading imposed on the mast,  but a lso  
a l low  a known degree o f  i s o l a t i o n  to be in s e r te d  
between t r a n s m i t t e r  outputs so as to c o n t r o l  the l e v e l s  
of  IM generated a t  the s i t e .  There are se ve ra l  poss i ­
b le  m u l t i - c o u p l i n g  schemes th a t  are a v a i l a b l e ,  the two 
extremes of  which are shown in F igure 5 . 5 .  Unfor ­
t u n a t e l y ,  the use of  such co n f i g u r a t io n s  makes the  
implementat ion of  power co n t r o l  a t  f i x e d  s i t e s  ques­
t i o n a b l e ,  and so up to  now, has not been g e n e r a l l y  con­
s i d er ed .  However, the i n t r o d u c t i o n  o f  c e l l u l a r  type  
mqbi le rad io  systems has meant th a t  base s t a t i o n  power 
c o n t r o l  may not only be a requ i rement ,  but a necess i ty  
i f  such schemes are to  prove to be as e f f e c t i v e  as 
a n t i c i p a t e d .
The high s p e c t r a l  e f f i c i e n c y  associated wi th  c e l ­
l u l a r  type systems is  e s s e n t i a l  i f  mobi le ra d i o  i s  to
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F i g u r e  5 . 5 .  M u l t i - c o u p l i n g  o f  Base S t a t i o n  T r a n s m i t t e r s ,
( a )  High L e v e l  M u l t i - c o u p l i n g  (b)  Low L e v e l  M u l t i - c o u p l i n g
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cont inue to f l o u r i s h .  U n f o r t u n a t e ly ,  to obta in t h i s  
e f f i c i e n c y  such systems possess a high degree of  f r e ­
quency re -use  which immediately ra is es  doubts about  
t h e i r  co-channel  performance.  In an i d e a l  s i t u a t i o n  i t  
i s  poss ib le  fo r  such systems to be organised so as to  
prevent  co-channel  i n t e r f e r e n c e  being a problem. How­
ev er ,  the ex is tence  o f  anomalous propagat ion cond i t ions  
toge ther  wi th  the un favourable  propagat ion c h a r a c t e r i s ­
t i c s  encountered in the p r a c t i c a l  mobi le communications 
environment th re a t e n  to produce high l e v e l s  o f  co­
channel  i n t e r f e r e n c e  fo r  mobi le re cep t ion  which could 
sever e ly  l i m i t  the o p e r a t i o n a l  a b i l i t y  of  these  
schemes, s i g n i f i c a n t l y  reducing t h e i r  e f f i c i e n c y .  In 
order  to a l l e v i a t e  the l i m i t a t i o n s  imposed by mobi les  
r e c e iv in g  co-channel  s i gn a l s  from surrounding base s t a ­
t i o n s ,  c e l l u l a r  systems may we l l  have to s e r io u s ly  con­
s id e r  the in t r o d u c t i o n  o f  t r a n s m i t t e r  power c o n t r o l  at  
base s t a t i o n  s i t e s .
I f  c e l l u l a r  systems were to implement base s t a t i o n  
t r a n s m i t t e r  power c o n t r o l ,  then in the same way as 
mobi les a t  present  c o n t r o l  output  power to match the  
propagat ion cond i t ions  between c e l l  s i t e  and mobi le*  
base s t a t i o n s  would do l i k e w i s e .  Thus, as a mobi le  
moved around the coverage area of  a base s t a t i o n  the  
base s t a t i o n  output  power would vary between p r e ­
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def ined maximum and minimum values depending on the 
t ransmission c h a r a c t e r i s t i c s  o f  the rad io  channel .  I f  
we assume fo r  the moment th a t  the propagat ion path  
between mobi le and base s t a t i o n  is  s o le ly  dependent on 
d i s ta n c e ,  then base s t a t i o n  power c o n t r o l  can be seen 
to work such t h a t  when a mobi le is  at  the c e l l  boun­
dary ,  the base s t a t i o n  operates on maximum power and 
when a mobi le is  c lose in to the s i t e ,  base s t a t i o n  
output  power i s  a t  a minimum. Between these two p o in t s ,  
the base s t a t i o n  operates at  some l e v e l  in between 
these two l i m i t s .  Assuming a simple inverse  d is tance  
propagat ion law fo r  mobi le-base s t a t i o n  t ransmiss ion ,  
an es t imate  o f  the redu c t ion  in  average base s t a t i o n  
output  power, together  wi th  the corresponding decrease  
in the l e v e l  o f  co-channel  i n t e r f e r e n c e  can be obtained  
by cons ider ing  a simple model o f  a c e l l u l a r  scheme. 
Consider ing the s i t u a t i o n  as shown in F igure  5 .6  where 
two c e l l s  wi th c i r c u l a r  se rv ic e  areas of  radius RQ have 
base s t a t i o n s  located  a t  t h e i r  cent res  which in turn  
are separated by a d is ta nc e  Dq . For a uni form d i s t r i ­
bu t ion  o f  mobi les w i t h i n  a c e l l ,  the p r o b a b i l i t y  o f  a 
mobi le u n i t  being w i t h in  a c i r c l e  o f  rad ius  r ,  p ( r ) ,  
can be w r i t t e n  as
C e l l C o - c h a n n e l  C e l l
F i g u r e  5 . 6 .  S i mp le  Frequency  Re-use Model  o f  a 
C e l l u l a r  Scheme.
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I f  we assume a power c o n t r o l  a lgor i thm such th a t
the v a r i a t i o n  in base s t a t i o n  output  power ' wi th
mobi le-base s t a t i o n  se pa r a t io n ,  P ( r ) ,  i s  given by
p Cr) = PqCr1-)0 ( 5 . 7 )
where a i s  the propagat ion law index ,  and PQ is  
the power c o n t r o l  range given by
P = P -  P . ( 5 . 8 )o max min
where P and P . are the maximum and minimum max min
base s t a t i o n  output  power l e v e l s  r e s p e c t i v e l y ,
then the average base s t a t i o n  t r a n s m i t t e r  power,
p , can be est imated as av
Ro 2
Pa„ = /  ^7 dr + P . ( 5 . 9 )
av r =0 0 o R ln0
which s i m p l i f i e s  down to
P
2 = +  P . ( 5 . 1 0 )av a + 3 min
I f  the range over which the base s t a t i o n  power can 
be c o n t r o l l e d  i s  s u f f i c i e n t l y  l a r ge  such th a t  PQ >>
p . , then equat ion 5 .1 0  can be w r i t t e n  as min
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Pav ( 5 ' 11}
Thus, t ak ing  the commonly accepted value of  a = 4,  
the average reduct ion  in the l e v e l  o f  co-channel
i n t e r f e r e n c e  t h a t  could be expected in the other  c e l l  
would be approximate ly  8.5dB.  I f  we extend t h i s  model 
to consider  the s ix  nearest  co-channel  neighbours found 
in a l l  p r a c t i c a l  c e l l  c l u s t e r  p a t t e r n s ,  then assuming 
t h a t  i n t e r f e r e n c e  from a l l  s ix  base s t a t i o n s  is  
incoherent  and independent so t h a t  ad d i t io n  of  
i n t e r f e r e n c e  powers i s  a p p l i c a b l e ,  the use of  base s t a ­
t i o n  power c o n t r o l  could r e s u l t  in a decrease in the  
average i n t e r f e r e n c e  power fo r  a c e l l  o f  some 16.3dB.  
This f i g u r e  i s  a l i t t l e  o p t i m i s t i c  s ince i t  assumes
t h a t  each base s t a t i o n  t r a n s m i t t e r  is  e q u i - d i s t a n t  from 
the co-channel  mobi le ,  a s i t u a t i o n  which i s  obviously  
only t r ue  i f  the mobi le i s  located  at  the ce n t re  of  i t s  
c e l l .  However, i f  we consider  the f a c t  t h a t  there  are 
not j u s t  the s ix  nearest  co-channel  base s t a t i o n s ,  but  
se v e r a l  t i e r s  o f  such t r a n s m i t t e r s  loca ted  around a 
c e l l ,  then i t  could be argued t h a t  the reduc t ion in  
i n t e r f e r e n c e  from these s i t e s  through the use of  base
s t a t i o n  power c o n t r o l  could o f f s e t  any e r r o r  brought
about by t h i s  assumption.
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R e fe r r in g  back to Figure 4 . 4 ,  i t  can be seen tha t  
such a re duc t ion  in co-channel  i n t e r f e r e n c e  power would 
br ing  about a s i g n i f i c a n t  decrease in the l e v e l s  o f  
t h i s  type o f  i n t e r f e r e n c e  t h a t  are encountered in c e l ­
l u l a r  schemes. In f a c t  a comparison of  Figures 4 .2  and 
4 . 4  show t h a t  as f a r  as average co-channel  i n t e r f e r e n c e  
l e v e l s  are concerned,  s ix  co-channel  base s t a t i o n s  wi th  
power c o n t r o l  could indeed be made to look l i k e  a s i n ­
g l e  co-channel  t r a n s m i t t e r .
In the above d iscussion i t  has been assumed th a t  
we have cont inuous i n t e r f e r e n c e  from co-channel  base 
s t a t i o n s .  In p r a c t i c e  base s t a t io n s  only ca r ry  a l i m ­
i t e d  amount o f  t r a f f i c  and so cont inuous i n t e r f e r e n c e  
i s  a t  present  a r a r e ,  i f  not somewhat pe ss im is t i c  
s i t u a t i o n .  However, w i th  the r a t e  a t  which subscr ibers  
to c e l l u l a r  systems are growing,  such a s i t u a t i o n  can 
and w i l l  become a r e a l i t y  wi th which c e l l u l a r  systems 
must be ab le  to cope.
The use of  c i r c u l a r  se rv ice  areas fo r  base s t a ­
t i o n s  has enabled a v a l i d ,  al though somewhat i d e a l i s t i c  
i n d i c a t i o n  as to the b e n e f i t  to be gained in co-channel  
i n t e r f e r e n c e  performance of  c e l l u l a r  systems from the  
implementat ion of  base s t a t i o n  power c o n t r o l .  Unfor ­
t u n a t e l y ,  t h i s  i d e a l  coverage area of  a base s t a t i o n  
t r a n s m i t t e r ,  due l a r g e l y  to i r r e g u l a r  t e r r a i n  f e a t u r e s ,
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i s  f a r  from achievab le  in p r a c t i c e .  The inher en t  i r r e ­
g u l a r i t i e s  in se rv ice  areas can lead to higher  l e v e l s  
of  co-channel  i n t e r f e r e n c e  than expected,  and in some 
cases can make communication d i f f i c u l t  i f  not impossi­
b l e .  I t  i s  under these cond i t ions  th a t  base s t a t i o n  
power c o n t r o l  could make a tremendous c o n t r i b u t i o n  to 
the opera t ion and e f f i c i e n c y  of  c e l l u l a r  systems, g i v ­
ing mobi les ,  p r ev iou s ly  i n c a p a c i t a te d  through high co­
channel  i n t e r f e r e n c e  l e v e l s ,  the p o s s i b i l i t y  o f  being 
able  to communicate once again .
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CHAPTER SIX
CHANNEL ASSIGNMENT STRATEGIES FOR CELLULAR SYSTEMS
WITH POWER CONTROL
6 .1  INTRODUCTION
In convent iona l  LMR systems the e f f e c t s  o f  spec­
trum p o l l u t i o n  by IM products can be ex tremely  t r o u b l e ­
some producing d i s r u p t i v e  unwanted outputs on r ec e iv e rs  
whenever an IM product  i s  present  on-channel  above the  
r e c e i v e r  s e n s i t i v i t y  t h re sh o ld .  The problem is  p a r t i c ­
u l a r l y  severe in densely populated areas where very  
many base s t a t i o n  t r a n s m i t t e r s  share communal f a c i l i ­
t i e s  and are assigned to channels which are c lo s e ly  
packed in f requency.  The m u l t i - c o u p l i n g  procedures now 
adopted a t  many base s t a t i o n  s i t e s  not only avoids an 
unnecessary p r o l i f e r a t i o n  of  antennae,  but by a l lowing  
a known degree of  i s o l a t i o n  to be i n s e r te d  between 
t r a n s m i t t e r  outputs a lso serves to help c o n t r o l  the  
l e v e l s  o f  IM r a d ia t e d  from a s i t e .  In a d d i t i o n  to t h i s ,  
g r ea t  e f f o r t  is  a f fo rded  to the assignment of  channel  
f requencies  in a given area such th a t  the generat ion  of  
troublesome IM products by base s t a t i o n  t r a n s m i t t e r s  on 
other  f requencies  in use in the area i s  minimised.
In systems employing s e l e c t i v e  c a l l i n g  f a c i l i t i e s ,  
the problems o f  i n t e r f e r e n c e  caused by IM products are
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reduced since the r e c e i v e r  mute w i l l  not ' l i f t *  under 
cond i t ions ,  of  i n t e r f e r e n c e  inputs a lone .  Only* when 
pr op er ly  addressed w i l l  a r e c e iv e r  produce an audio  
outpu t ,  and provided th a t  the l e v e l  o f  a wanted 
t ransmiss ion i s  rece ived  wi th  an ap pro pr ia te  p r o t ec t i on  
r a t i o ,  then i n t e r f e r e n c e  should not be s i g n i f i c a n t .  
C e l l u l a r  systems obviously  f a l l  i n to  t h i s  ca tegory ,  and 
as such i t  is  o f ten  argued th a t  channel  assignment  
s t r a t e g i e s  to minimise IM i n t e r f e r e n c e  are i r r e l e v a n t  
fo r  t h i s  type o f  scheme.
At p resent ,  c e l l u l a r  systems take f u l l  advantage  
of  t h i s  reduced v u l n e r a b i l i t y  to IM i n t e r f e r e n c e  by 
f o l l o w i n g  simple channel  assignment procedures which 
make no at tempt  to reduce the generat ion  o f  on-channel  
IM products .  However, the i n t r o d u c t io n  o f  base s t a t i o n  
t r a n s m i t t e r  power c o n t r o l  i n t o  c e l l u l a r  systems may 
n e c e s s i t a t e  the use o f  frequency assignment s t r a t e g i e s  
which minimise troublesome IM products in order to 
avoid mobi le r e c e i v e r s ,  under c e r t a i n  co n d i t io n s ,  
r e c e i v i n g  on-channel  products at  a l e v e l  in excess of  
t h a t  o f  a wanted s i g n a l .  I f  a s i g n i f i c a n t  decrease in  
the e f f i c i e n c y  of  c e l l u l a r  systems due to  a reduct ion  
in  the number o f  channels t h a t  can be a l l o c a t e d  to a 
c e l l  i s  to be avoided,  then the implementat ion of  IM 
compat ib le  assignments must be achieved wi th  complete*
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or near complete u t i l i s a t i o n  of  the a v a i l a b l e  system 
c ha nn e ls .
This chapter  discusses the channel  assignment  
s t r a t e g i e s  p r es en t ly  adopted fo r  convent iona l  LMR sys­
tems in order  to minimise IM i n t e r f e r e n c e  problems.  
Considera t ion i s  given to the ex ten t  to which such 
s t r a t e g i e s  can go in avoid ing on-channel  products in  
p r a c t i c a l  systems, and the channel  u t i l i s a t i o n  e f f i ­
c ie n c ie s  th a t  r e s u l t .  Factors governing the in t r o d u c ­
t i o n  of  t h i s  type of  channel  plan i n t o  c e l l u l a r  systems 
are i n v e s t i g a t e d  and the maximum assignment e f f i c i e n ­
c ie s  t h a t  can be expected from t h e i r  implementat ion are  
presented fo r  var ious d i f f e r e n t  values o f  system param­
e t e r s  .
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6 .2  INTERMODULATION COMPATIBLE FREQUENCY ASSIGNMENTS
FOR LMR SYSTEMS
Despi te  tak ing  a l l  necessary precaut ions to minim­
ise  the generat ion  o f  IM products a t  source on base 
s t a t i o n  s i t e s ,  r e s id u a l  products s t i l l  o f ten  e x i s t ,  
toge t her  wi th  the p o s s i b i l i t y  o f  IM generat ion  in the  
mobi le r e c e i v e r .  Although the f requencies  a t  which IM 
products can occur are e a s i l y  ob ta inab le  from the sim­
p le  mathemat ical  an a ly s is  of  a n o n - l i n e a r  dev ice ,  the  
ampl i tudes o f  the products are somewhat more d i f f i c u l t  
to de termine .  Since i t  i s  not poss ib le  to  p r e d i c t  pro­
duct s t rengths or to t e l l  whether or not  a r e c e i v e r  is  
being d r iven beyond i t s  l i n e a r  opera t ing c h a r a c t e r i s ­
t i c s ,  these problems of  IM are us ua l l y  avoided by j u d i ­
c io u s ly  s e l e c t i n g  channel  f requenc ies .
Frequency assignment s t r a t e g i e s  f o r  convent iona l  
mobi le ra d i o  systems r e l y  on the d i v i s i o n  of  the a v a i l ­
ab le  spectrum i n t o  equi -spaced frequency i n t e r v a l s ,  
and, i d e a l l y ,  u t i l i s a t i o n  of  channels a t  any given s i t e  
in such a way t h a t  no s i g n i f i c a n t  IM products from any 
combinat ion o f  c o - s i t e d  t r a n s m i t t e r  f requencies  f a l l  on 
any other  channel  in use in the v i c i n i t y .  This capac i ty  
to assign IM compat ib le  channels i s  f e a s i b l e  only i f  a 
l a r g e  pool o f  f requencies  i s  a v a i l a b l e  from which com­
p a t i b l e  s e le c t i o n s  may be made. Obviously ,  in p r a c t i c a l
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schemes such a resource of  channel  f requencies  very  
r a r e l y  e x is t s  and so i t  i s  not possib le  to avoid a l l  
on-channel  i n t e r f e r i n g  IM products.  I f  however,  such a 
pool o f  f requencies  did e x i s t ,  then the implementat ion  
of  an assignment t h a t  avoided a l l  on-channel  i n t e r f e r ­
ing products would r e s u l t  in l a rg e  numbers o f  channels  
being c lassed as ’ unusable1 in areas around base s t a ­
t i o n s ,  and consequent ly would provide an unacceptably  
low l e v e l  o f  spectrum e f f i c i e n c y .
Although IM product  ampl i tudes cannot be 
p r e d i c t e d ,  in g e n er a l ,  the s t rength  o f  the products in  
LMR systems decrease wi th inc reas ing product  o rder .  As 
a l ready  mentioned in chapter  fo ur ,  t h i s  u s u a l l y  impl ies  
t h a t  i t  i s  s u f f i c i e n t  to obta in  only t h i r d  and f i f t h  
order  c o m p a t i b i l i t y  in channel  assignments in order to  
avoid IM i n t e r f e r e n c e  problems. In densely populated  
areas ,  the demand fo r  channels i s  us ua l l y  so g rea t  th a t  
t h i s  s t r a t e g y  i s  d i f f i c u l t  to implement complete ly .  
However,  in  order  to  avoid unwanted mobi le r e c e i v e r  
outputs r e s u l t i n g  from i n t e r f e r e n c e ,  implementat ion o f  
at  l e a s t  t h i r d  order  compat ib le  frequency plans i s  gen­
e r a l l y  h i gh ly  d e s i r a b l e .  U n f o r tu n a te ly ,  the i d e n t i f i c a ­
t i o n  o f  such troublesome IM products in frequency  
assignments i s  us ua l l y  a prolonged and monotonous ta s k .  
Aids to s i m p l i f y  the process have, however been pro-
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duced and the use of  such procedures fo r  generat ing  IM 
i n t e r f e r e n c e  f r e e  l i s t s  are now we l l  es tab l i s h ed  in the  
eng ineer ing  of  convent iona l  mobi le systems.
Over the years sev era l  d i f f e r e n t  procedures have 
been es ta b l i s h e d  fo r  producing channel  assignment l i s t s  
which are f r e e  from troublesome IM i n t e r f e r e n c e  pro­
ducts ( 1 ) , ( 3 ) ,  ( 4 ) f ( 5 )  ^ These range from the e a r l y  
exhaust ive  t e s t i n g  techniques o f  Lustgar ten  through  
to f u l l  computer a n a l y s i s ,  and vary in  the ex ten t  to  
which they i d e n t i f y  i n t e r f e r i n g  IM products .  Some o f  
these procedures produce assignments f r e e  of  2-  
f requency t h i r d  order  products o f  the form ( 2 f^ -  
others inc lude the 3 - f requency t h i r d  order  products o f  
( f  + f  -  f ^ )  form, w h i l s t  a few consider  both t h i r d  
and f i f t h  order  products.  The g e n e r a l i t y  o f  c e r t a i n  
processes enables them to be appl ied to  the i n v e s t i g a ­
t i o n  o f  assignments f r e e  from even higher  order pro­
ducts .  However, such procedures us ua l l y  employ compu­
t a t i o n a l  techniques which in view o f  t h e i r  t ime and 
cost  aspects ,  to ge ther  wi th  the d imin ish ing  importance  
of  higher  order  terms g e n e r a l l y  g ive such c a l c u l a t i o n s  
n e g l i g i b l e  p r a c t i c a l  v a lu e .  For the purposes of  p r a c t i ­
c a l i t y ,  f u r t h e r  co ncent ra t ion  w i l l  be l i m i t e d  to the  
avoidance of  t h i r d  order  IM products on ly .
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C ons id era t io n  o f  the IM genera t ion  mechanism in 
chapter  four has shown th a t  the frequency o f  a t y p i c a l  
IM product ,  f  can be given by
f x = mfi  + n f  2 + ..........+ y f r ( 6 - 1}
where f  ^ , f 2 > ..........  f f  are s in u s o id a l  unmodulated
c a r r i e r  f requenc ies  and m, n, .............   y are p o s i t i v e  or
ne g a t iv e  in te g e rs  such th a t
K = |m| + |n|  + .......... + |y |  ( 6 . 2 )
where K de f ines  the order o f  the product .
I t  has been shown th a t  t h i s  IM product can
only l i e  in  the frequency band occupied by a desired  
s ig n a l  i f  the fo l lo w in g  equation is  s a t i s f i e d .
m + n +  ..........+ y = l  ( 6 . 3 )
For the case o f  t h i r d  order products ,  the cond i­
t io n s  fo r  troublesome IM products are g iven by the two 
d ioph an t ine  equations
| m | + | n | + | o | = 3  ( 6 . 4 )
m + n + o = 1 ( 6 . 5 )
-  131 -
Assuming th a t  the frequency band under cons idera ­
t io n  is  s p l i t  in to  channels o f  equal width with  no 
i n t e r v a l s  between them, then e x t r a p o la t i o n  o f  these two 
equat ions leads to the simple fa c t  th a t  t h i r d  order IM 
products are troublesome i f  any two o f  the d i f fe re n c e s  
between p a i rs  o f  channels are i d e n t i c a l .  Thus to avoid 
on-channel t h i r d  order products a l l o c a t i o n  o f  channels  
in  a system must be staggered so t h a t  the spacing  
between any two channels in  a block sequence is  not 
re p e a te d .  C l e a r l y  then,  in  a m u l t i -c h a n n e l  system w ith  
an IM compatib le  channel assignment,  a mobile  r e c e iv e r  
must be capable  o f  tuning over a frequency range in  
excess o f  t h a t  req u ire d  from the simple c o n s id e ra t io n  
o f  the t o t a l  number o f  channels in  the system and the  
channel spacing.  This s o - c a l le d  sw itch ing  range, S can 
be de f ined  by
S = C -  C. + 1 channels ( 6 . 6 )n l
where is  the lowest channel ,  and Cn the h ighest  
channel t h a t  the mobile must be ab le  to  tune to in  
order  to prov ide  the r e q u i s i t e  number o f  channels .
E v i d e n t l y ,  from a mobile r e c e iv e r -d e s ig n  p o in t  o f  
v iew, the parameter S should be kept to a minimum value  
in  order  to  achieve adequate f ro n t -e n d  performance. The 
o ld e r  s t y l e  mobile  t r a n s m i t t e r s  employing separate
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channel c r y s t a ls  and m u l t i p ly in g  c i r c u i t r y  a lso  r e q u i r e  
S to be kept as low as poss ib le  s ince such problems as 
d i s t o r t i o n  and excessive d i s s ip a t io n  can a r is e  as such 
c i r c u i t s  are  o f f - t u n e d .  The use o f  f i n a l  frequency v o l ­
tage c o n t r o l l e d  o s c i l l a t o r  ( V C O )  techniques has some­
what eased the problems o f  m u l t i -c h a n n e l  t r a n s m i t t e r s ,  
but the need to prov ide  a high r e c e iv e r  s e l e c t i v i t y  
s t i l l  remains a t r a d e - o f f  w i th  the bandwidth over which 
the equipment can be switched.
F igure  6 .1  shows the minimum sw itch ing  range 
re q u ire d  fo r  systems w ith  numbers o f  channels ranging  
up to  10 in  order to  avoid a l l  t h i r d  order IM. Two 
c o n d i t io n s  are shown, the case when a system is  p e rm i t ­
ted to  operate  w ith  ad jac en t  channels , and the s i t u a ­
t io n  when th ere  must be a t  l e a s t  one channel se para t io n  
between o p e r a t io n a l  channels .  F igure  6 .2  shows the  
minimum sw itch ing  range fo r  systems when only on- 
channel IM products o f  the form (2 f^  -  f^ )  are to  be 
avoided.  The s i g n i f i c a n t  d i f f e r e n c e  between the two 
graphs i l l u s t r a t e s  the more rap id  growth o f  3 - frequency  
t h i r d  order products over th a t  o f  2- f req uen cy  products  
as the number o f  channels w i th in  a system in cre ases .
Since only a p ro p o r t io n  o f  the channels w i th in  the  
s w itch ing  range are  used, the s p e c t ra l  e f f i c i e n c i e s  o f  
t h i r d  order compatib le  frequency p lans ,  i e .  the number
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of  channels th a t  can be used from the t o t a l  number o f  
channels a v a i l a b l e ,  are  n a t u r a l l y  lower than those when 
no e f f o r t  is  made to avoid such IM problems. This is  
i l l u s t r a t e d  by F igures 6 .3  and 6 .4  which show the spec­
trum e f f i c i e n c i e s  o f  the two previous compatib le chan­
ne l  assignments.  Comparison between the s p e c t ra l  e f f i ­
c ie n c ie s  o f  t h i r d  order compatib le and non-compatib le  
frequency plans show a marked d i f f e r e n c e .  However, such 
a d i r e c t  comparison is  u n f a i r  s ince although compatib le  
assignments appear to be s p e c t r a l l y  less e f f i c i e n t ,  the  
o p e r a t io n a l  e f f i c i e n c y  o f  a system w ith  such channel  
plans is  g e n e r a l ly  g r e a te r  than one w ithout  due to  i t s  
reduced a s s o c ia t io n  w ith  IM i n t e r f e r e n c e ,  and hence the  
o v e r a l l  s p e c t r a l  e f f i c i e n c y  is  u s u a l ly  h ig h e r .
In the preceding discussion and p re p a ra t io n  o f  
t h i r d  order compatib le  frequency plans i t  has been 
assumed t h a t  a l l  channels c o n s is t  o f  unmodulated c a r ­
r i e r s .  T h is ,  c l e a r l y  not being the case in  p r a c t i c e ,  
makes i t  necessary to  consider  the e f f e c t s  th a t  
t ransm ission w ith  modulat ion has on the genera t ion  o f  
such channel assignments.  I t  has a lready  been mentioned 
in chapter  four t h a t  fo r  channels w ith  modulations  
occupying the same bandwidth, an IM product can broaden 
by as much as +, nA, where n is  the order o f  the product  
and A is  the h a l f  bandwidth o f  the modulat ion.  Thus fo r
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t h i r d  order IM, products can occupy a bandwidth th ree  
times as wide as the fundamental.  This there fo re -  can 
place  a r e s t r i c t i o n  on the spacing between acceptab le  
channels .  However, fo r  systems which employ t r a n s m i t t e r  
m u l t i - c o u p l i n g ,  the use o f  i s o l a t o r s  and f i l t e r s  to  
p r o t e c t  each t r a n s m i t t e r  from a l l  o ther  t r a n s m i t t e r  
outpu ts ,  a lso  n e c e s s i ta te s  th a t  channels be separated  
by a c e r t a in  number o f  channel widths in order to  
preserve  i s o l a t i o n ,  and i s  u s u a l ly  the governing fa c to r  
fo r  such in p r a c t i c a l  schemes.
I t  is  perhaps worth no t in g  t h a t  although a compa­
t i b l e  frequency plan may have been assigned to a 
m u lt i -c h a n n e l  system, i t  does not fo l lo w  t h a t  such 
channels w i l l  a lso  be compatib le  w ith  the channel a l l o ­
c a t io n s  o f  the other  communal systems. To obta in  a f r e ­
quency plan which is  compatib le  w ith  a l l  o ther  systems 
on the s i t e  n e c e s s i ta te s  the a n a ly s is  o f  the assignment 
on an i n d i v i d u a l i s t i c  basis bearing in mind a l l  other  
previous channel a l l o c a t i o n s .
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6 .3  CHANNEL ASSIGNMENT STRATEGIES FOR CELLULAR MOBILE
RADIO SYSTEMS
Frequency assignment procedures fo r  c e l l u l a r  
mobile schemes can be somewhat s i m p l i f i e d  by ta k in g  
advantage o f  the in h ere n t  s e l e c t i v e  c a l l i n g  na ture  of  
such systems. Since the mute on a r e c e iv e r  w i l l  not 
’ l i f t ’ under s o le ly  in t e r f e r e n c e  inputs but only when 
c o r r e c t l y  addressed, the annoyance o f  unwanted audio  
outputs due to  IM products is  removed. Although such 
on-channel i n t e r f e r e n c e  may be present w h i ls t  a c a l l  is  
in progress ,  the l i k e l i h o o d  o f  these being o f  s u f f i ­
c i e n t  s t re n g th  in  r e l a t i o n  to the wanted s ig n a l  to  
cause s i g n i f i c a n t  in t e r f e r e n c e  is  g e n e r a l ly  remote.  
Thus, i t  is  o f te n  said  t h a t  IM c o m p a t i b i l i t y  in  f r e ­
quency assignments fo r  c e l l u l a r  systems is  not 
r e q u i re d ,  hence making channel plans fo r  such schemes 
much e a s i e r .
S eve ra l  d i f f e r e n t  channel assignment s t r a t e g i e s  
have been proposed fo r  c e l l u l a r  systems. These co n s is t  
of  f ix e d  frequency assignments, dynamic frequency  
assignments and hybrid frequency assignments .
In f i x e d  channel procedures the a v a i l a b l e  channels are  
d iv id e d  up in t o  a number o f  s e ts ,  u s u a l ly  equal to the  
c e l l  c l u s t e r  s iz e  being used, and one se t  is  p e r ­
manently assigned to  serve a c e r t a i n  c e l l .  Only
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channels from t h is  set  can be used to  serve a c a l l  
with-in t h is  c e l l ,  and these channel sets  are re-used in  
c e l l s  separated by the re -u se  d is ta n c e .  Dynamic chan­
ne l  assignments d i f f e r  in  t h a t  a l l  the channels are  
kept in  a c e n t r a l  poo l ,  and any channels can be used in  
any c e l l .  Channels are assigned to serve c a l l s  as the  
need a r i s e s ,  and the exact  channel a l lo c a t e d  to support  
a c a l l  depends on the s t a t e  o f  the system ( channel
usage a t  the time a c a l l  is  se t  up ) and an assignment
s t ra te g y  t h a t  attempts to  op t im ise  some system parame­
t e r  w i th in  the channel re -use  c o n s t r a i n t .  Hybrid f r e ­
quency schemes co n s is t  o f  a combination o f  both f ix e d  
and dynamic assignment procedures.  The t o t a l  number o f  
channels a v a i l a b l e  to  the system is  d iv id e d  up in to  two 
groups. One group conta ins  frequencies  which are a l l o ­
cated using a f ix e d  channel assignment scheme, w h i ls t  
the other  has channels which are a l l o t t e d  under a 
dynamic assignment procedure .  Procedures in v o lv in g  
dynamic frequency assignment schemes have the p o t e n t i a l  
to  match channel a v a i l a b i l i t y  w ith  channel requirement
on a r e a l  time b a s is ,  and hence can o f f e r  a h igher sys­
tem e f f i c i e n c y .  However, such procedures are under­
s tandably  accompanied by added system co m p lex i ty ,  and 
as such are not considered p r a c t i c a l  f o r  present c e l l u ­
l a r  systems.
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A non-compatib le  f ix e d  channel assignment pro­
cedure can be r e a d i l y  achieved in  c e l l u l a r  systems as 
in d ic a te d  in  Table 6 .1  which shows the p re s e n t ly  
adopted assignment techniques fo r  4 - ,  7 - ,  and 9 - c e l l  
c l u s t e r  p a t t e r n s .  This type o f  assignment enables a l l  
a v a i l a b l e  channels to be used, and s ince increased  
channel a v a i l a b i l i t y  r e s u l t s  in improved e f f i c i e n c y  of  
a c e l l u l a r  system, permits  maximum system e f f i c i e n c y  to  
be reached from the channel assignment p o in t  o f  v iew.  
Such frequency assignments a lso generate  channels th a t  
are not only equi-spaced but a lso maximally  spaced,  
thus minimising the performance requirements o f  base 
s t a t i o n  t r a n s m i t t e r  m u l t i - c o u p l in g  components.
C l e a r l y  then ,  IM products do not appear to cause 
any s i g n i f i c a n t  problems to the op era t io n  o f  c e l l u l a r  
systems in which a l l  base s t a t io n s  t ra n s m i t  a t  f u l l  
power under a l l  c ircumstances.  However, the previous  
chapter  has demonstrated high d e s i r a b i l i t y  fo r  employ­
ing base s t a t i o n  t r a n s m i t t e r  power c o n t r o l  in  t h is  type  
of  system. U n f o r t u n a t e ly ,  the use of  such power c o n t ro l  
w ith  the present non-compatib le channel assignments 
in troduces  c o n d i t io n s  under which mobile r e c e iv e rs  may 
s u f f e r  unacceptable l e v e ls  o f  IM i n t e r f e r e n c e .  These 
s i t u a t i o n s  f a l l  i n t o  two basic  c a te g o r ie s ,  those asso­
c ia t e d  w ith  the base s t a t i o n  s i t e ,  and those assoc ia ted
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C e l l A l lo ca te d Channel Numbers
A 1 5 9 13 •  •  •
B 2 6 10 14 •  •  •
C 3 1 11 15 •  •  ♦
D 4 8 12 16 •  •  •
(a )
C e l l A l lo c a te d Channel Numbers
A 1 8 15 22
B 2 9 16 23
C 3 10 17 24
D 4 11 18 25
E 5 12 19 26
F 6 13 20 27
G 7 14 21 •••
00CM
(b)
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C e l l A l lo c a te d  Channel Numbers
A 1 10 19 28 •  •  •
B 2 11 20 29
C 3 12 21 30
D 4 13 22 31
E 5 14 23 32
F 6 15 24 33
G 7 16 25 34
H 8 17 26 35
I 9 18 27 36
(c )
Table 6 . 1 .  T y p ic a l  Non-compatib le Channel Assignments 
(a )  4 - c e l l  C l u s t e r ,  (b )  7 - c e l l  C lu s t e r ,
(c )  9 - c e l l  C lu s t e r .
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w ith  mobiles.
At the c e l l  s i t e  the usual problems o f  c o - s i t i n g
many t r a n s m i t t e r s  e x i s t  in th a t  IM is  generated by
d i r e c t  t r a n s m i t t e r  in t e r a c t i o n s  and by the ’ ru s ty  b o l t ’
e f f e c t .  I f  we assume t h a t  the t ra n s m it  power range fo r
base s t a t io n s  is  the same as t h a t  s p e c i f ie d  in  TACS fo r
m obi les ,  then the v a r i a t i o n  in  output power w i l l  extend
over a t o t a l  o f  32dB. A ’ worst c a s e ’ scenar io  may be
envisaged in  which a m obi le ,  c lose enough to  i t s  base
s t a t i o n  to r e q u i re  only  minimum t ra n s m it  l e v e l s ,  is
op era t in g  on a channel which bears a t h i r d  order IM
r e l a t i o n s h i p  w ith  o ther  base s t a t io n  t r a n s m i t t e r s  a t
the same s i t e  which are op era t ing  a t  f u l l  power in
order to m ain ta in  co ntac t  w ith  mobiles a t  the c e l l
p e r ip h e ry .  Assuming t h a t  the mobile r e c e iv e r  c lose to
the base s t a t i o n  re q u ire s  a p r o t e c t io n  r a t i o  o f  8dB, a
(9 )g e n e r a l ly  accepted f i g u r e  fo r  25kHz FM channels , 
then the o f fen d in g  t h i r d  order product must be at  l e a s t  
40dB down on f u l l  power emissions. This suggests a need 
fo r  some 33dB o f  i s o l a t i o n  between base s t a t io n  
t r a n s m i t t e r s  f and although a r e l a t i v e l y  modest
requirement in  genera l  m u l t i - c o u p l in g  terms, w i l l  
impose r e s t r i c t i o n s  on the minimum frequency separa t ion  
of the t r a n s m i t t e r s .
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For mobiles a somewhat d i f f e r e n t  problem e x i s t s .  
Since mobile r e c e iv e rs  are requ ired  to operate  on a l l  
system channels they are consequently wideband and 
t h e r e f o r e  exposed to whatever emissions are opera t ing  
l o c a l l y .  Published data in d ic a te s  th a t  under condi­
t io n s  o f  maximum s e n s i t i v i t y ,  i e .  an input  s ig n a l  o f  
0.5pV p .d .  ( -113dBm), the dynamic range o f  c u r r e n t l y  
a v a i l a b l e  mobile equipment is  some 65dB. Thus a t h i r d  
order  IM product on a wanted channel is  d i s c e r n ib le  
when the s ig n a ls  which produce i t  are 65dB above the  
wanted s ig n a l  l e v e l  o f  -113dBm, i e .  -48dBm. For input  
s ig n a ls  above t h i s  l e v e l ,  t h i r d  order products can 
in c reas e  by up to  9dB f o r  every doubling o f  unwanted 
s ig n a l  power, assuming they increase  to g e t h e r ,  or by 
6 dB i f  only  one increases ^ . Return ing to  the ’ worst 
c a s e ’ scenar io  c i t e d  p r e v io u s ly ,  i f  the ’ v i c t i m '  
m obi le ,  i e .  the one c lose  to the c e l l  s i t e ,  i s  not to  
s u f f e r  from IM i n t e r f e r e n c e  then, i f  the wanted s ig n a l  
i s  t r a n s m i t te d  32dB below maximum e f f e c t i v e  r a d ia te d  
power (ERP), which in  present  systems is  approximate ly  
100W, i t  can e a s i l y  be shown th a t  the path loss from 
base s t a t io n  to mobile  must be in  excess o f  85.5dB.  
This tends to  suggest an area around c e l l  s i t e s  o f  some 
500 metres in  rad ius  w i t h in  which opera t ions  would be 
p o t e n t i a l l y  r e c e iv e r  n o n - l i n e a r i t y  l i m i t e d  i f  the 8dB 
p r o t e c t io n  r a t i o  p re v io u s ly  mentioned is  to be
-  146 -
m ain ta ined .  As a consequence, such r e c e iv e r  generated  
IM is  l i k e l y  to dominate any e f f e c t s  associated  with  
products generated a t  the c e l l  s i t e .
I f  base s t a t i o n  power c o n t ro l  is  to be implemented 
then i t  can be seen th a t  e i t h e r  a very s u b s t a n t ia l  
improvement in mobile re c e iv e r  l i n e a r i t y  must be 
ach ieved ,  or t h i r d  order compatib le frequency ass ign­
ment s t r a t e g i e s  must be fo l lo w e d .  Since base s t a t io n  
t r a n s m i t t e r s  are r e l a t i v e l y  few in  number compared to  
the expected number o f  mobi les ,  the most cost e f f e c t i v e  
approach must be the l a t t e r .  However, the p r a c t i c a l i t y  
o f  performing such assignments in  an optimum manner 
has, up to now, been u n c e r ta in .
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6 .4  IMPLEMENTATION OF THIRD ORDER COMPATIBLE CHANNEL
ASSIGNMENTS JN CELLULAR SYSTEMS
I t  is  ev iden t  from the preceding discussion th a t  
unless t h i r d  order IM c o m p a t i b i l i t y  can be achieved in 
c e l l u l a r  system channel assignments, then base s t a t io n  
t r a n s m i t t e r  power c o n t r o l  may w e l l  leave mobiles close  
to  c e l l  s i t e s  vu ln e ra b le  to r e c e iv e r  generated  
i n t e r f e r e n c e  due to  the presence o f  high l e v e l  emis­
sions on other  channels a t  the same s i t e .  When consid­
e r in g  t h is  requirement fo r  IM f r e e  f re q u e n c ie s ,  two 
quest ions c l e a r l y  emerge.
(1 )  Given the number o f  channels a v a i l a b l e  to a sys­
tem and the c e l l  c l u s t e r  s ize  as parameters,  can 
assignments be produced which are e f f i c i e n t  in  
t h a t  they maximise the number o f  channels used 
from the t o t a l  number o f  a v a i l a b l e  channels,  
w hile  m a in ta in in g  t h i r d  order c o m p a t i b i l i t y .
(2 )  Can such frequency plans be achieved in  which the  
s e p ara t io n  between channels op e ra t in g  from the  
same s i t e  is  s u f f i c i e n t  from the p o in t  o f  view of  
p r a c t i c a l  m u l t i - c o u p l in g  components.
Procedures fo r  genera t ing  t h i r d  order  IM f r e e  
assignments fo r  co n ve n t iona l  LMR systems have concerned 
themselves w ith  o b ta in in g  a set  o f  compatib le
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frequencies  from the minimum necessary number of  t o t a l  
channels .  The requirement o f  c e l l u l a r  systems is  s im i ­
l a r  except t h a t  ins tead  of  o b ta in in g  j u s t  a s in g le  se t  
of  f req u en c ie s ,  s e v e ra l  sets  o f  compatib le channels 
must be p rov ided ,  the exact  number o f  se ts  requ ired  
c l e a r l y  depending on the c e l l  c l u s t e r  c o n f ig u r a t io n  
being implemented. Obviously ,  one method o f  o b ta in in g  
s e v e ra l  channel sets would be to use these e x i s t i n g  
procedures in an i t e r a t i v e  manner thus genera t ing  each 
se t  o f  frequencies  s e p a r a t e ly .  This would ensure IM 
c o m p a t i b i l i t y  and could be arranged so as to  s a t i s f y  
m u l t i - c o u p l i n g  requ irem ents .  However, i t  is  obvious 
t h a t  t h i s  approach is  by no means optimum since i t  
would demand an unprecedented number o f  channels from 
which to choose, and would consequently r e s u l t  in an 
extrem ely  low o v e r a l l  spectrum e f f i c i e n c y .  Thus, an 
a l t e r n a t i v e  approach must be sought and adopted which 
not only provides t h i r d  order c o m p a t i b i l i t y  w ith  s u f f i ­
c i e n t  channel s e p a ra t io n ,  but considers the assignment 
of a l l  frequency sets s im u l tan eou s ly ,  thus enabl ing  
such a l l o c a t i o n s  to  be made from the minimum number of  
t o t a l  channels .
Although the concept o f  opt im al  IM compatib le  
channel assignment fo r  c e l l u l a r  systems is  s im ple ,  the  
ge nera t ion  o f  such frequency plans is  f a r  from i t .  An
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op t im al  channel assignment i e .  one th a t  minimises the
number o f  channels needed, i s ,  u n fo r tu n a t e ly  an NP-
( 1 2 )complete problem , ( a problem fo r  which no polyno­
m ia l  time a lg or i th m  is  known ( 13 )? (1 4 )  ) and hence a 
procedure fo r  genera t in g  such an assignment w i l l  almost 
c e r t a i n l y  n e c e s s i ta te  the use o f  computat ional  te c h ­
n iques .  An i n i t i a l  in v e s t i g a t i o n  in to  the e f f i c i e n c i e s  
o f  such frequency plans has a l rea dy  been c a r r ie d  out by 
G ard iner  and Kotsopoulos Using a simple r e c u r ­
sion formula fo r  genera t ing  two-frequency t h i r d  order  
compatib le  l i s t s  , the average number o f  channels  
per c e l l  fo r  4 - ,  7 - ,  and 1 2 - c e l l  c l u s t e r  s ize s  have 
been c a lc u la te d  fo r  var ious  minimum channel separa t ions  
given the t o t a l  number o f  channels a v a i l a b l e .  The 
r e s u l t i n g  e f f i c i e n c i e s  o f  these assignments show th a t  
c o m p a t i b i l i t y  may w e l l  be ach ievab le  in  c e l l u l a r  sys­
tems under c e r t a i n  co nd i t ion s  without  a s i g n i f i c a n t  
decrease in  the t o t a l  number o f  assigned channels .  
U n f o r tu n a te ly ,  only average values o f  the number o f  
channels assigned per c e l l  are mentioned in  these c a l ­
c u l a t i o n s ,  w ith  no in d i c a t i o n  being given as to the  
exact number o f  channels in  each c e l l .  As a r e s u l t ,  i t  
is  b e l ie v e d  t h a t  such e f f i c i e n c i e s  are only  o b ta in ab le  
w ith  a h ig h ly  non-uniform d i s t r i b u t i o n  o f  channels per  
c e l l .  Although s i t u a t i o n s  undoubtedly a r is e  in  which 
c e r t a i n  c e l l s  w i th in  a c l u s t e r  r e q u i re  more channels
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than o th e rs ,  in  urban areas the assignment of  channels 
to c e l l s  w i th in  the same c l u s t e r  is  requ ired  to be more 
un ifo rm .  Thus knowledge o f  the e f f i c i e n c y  of  IM compa­
t i b l e  assignments under these cond i t ion s  is  also  
re q u ire d  i f  the in t ro d u c t io n  o f  such frequency plans is  
to be s e r io u s ly  considered .
The problem of  compatib le  frequency assignments in  
c e l l u l a r  systems can be observed to  c o n s is t  o f  two d i s ­
t i n c t  p a r t s .  F i r s t l y ,  the genera t ion  o f  sets  o f  IM com­
p a t i b l e  channels ,  as fo r  convent iona l  systems, but in  a 
manner t h a t  s a t i s f i e s  the parameters and c o n s t ra in ts  of  
c e l l u l a r  schemes. And secondly ,  the combination of  the  
r e le v a n t  number o f  these sets to form s u i t a b l y  s ized  
groups o f  channel s e ts ,  w i th in  which no channel appears 
more than once. Using t h i s  as a b a s is ,  computer pro­
grams have been w r i t t e n  which enable opt im al  t h i r d  
order IM compatib le  channel plans to  be produced fo r  
c e l l u l a r  schemes where an equal number o f  channels is  
re q u ire d  to be assigned to each c e l l  w i th in  a c l u s t e r .  
L i s t in g s  o f  these programs, complete w ith  comments to  
a id  understanding are given in  appendix A on page 283 
of  t h i s  t h e s i s .  Despite  o p t im is a t io n  o f  the programs, 
a n a ly s is  o f  la rg e  c e l l  c lu s t e r s  proved d i f f i c u l t  with  
the computing power a v a i l a b l e  and so c o n c e n tra t io n  has 
been focused on the sm a l le r  c e l l u l a r  p a t te rn s  o f  4 - ,
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7 - ,  and 9 - c e l l s  per c l u s t e r .
The r e s u l t s  obta ined from the an a ly s is  o f  4 - ,  7 - ,
and 9 - c e l l  c lu s t e r s  to the implementation of  opt imal  
t h i r d  order IM compatib le  channel assignments are  
presented in  F igures 6 .5  to  6 .1 6 .  F igures 6 .5  and 6 .6  
show the minimum number o f  consecutive channels 
re q u ire d  fo r  such assignments fo r  a 4 - c e l l  c l u s t e r  p a t ­
te rn  fo r  the case o f  2- f requency  and complete t h i r d  
order  c o m p a t i b i l i t y  r e s p e c t i v e l y ,  fo r  s e v e ra l  values o f  
minimum channel s e p a r a t io n .  F igures 6 .7  and 6 .8  show 
the corresponding spectrum e f f i c i e n c i e s  o f  these chan­
n e l  assignments.  S i m i l a r l y ,  F igures 6 .9  to  6 .1 2 ,  and 
Figures 6 .1 3  to  6 .1 6  show the performance o f  7 -  and 9 -  
c e l l  c lu s te r s  under the same c o n d i t io n s .
The c h a r a c t e r i s t i c s  t h a t  emerge from t h i s  ana lys is  
o f  opt im al  t h i r d  order IM compatib le  channel ass ign­
ments fo r  c e l l u l a r  systems can be summarised as f o l ­
lows ;
( 1 ) The assignment e f f i c i e n c y  o f  these a l l o c a t i o n s ,
as might be expected ,  increases as the minimum
p e rm is s ib le  spacing between c o -s i t e d  channels is  
reduced.
(2 )  In c re as in g  the number o f  channels req u ire d  per
c e l l  causes the e f f i c i e n c y  o f  such assignments to








































Number o f  Channe ls  Per C e l l
F i g u r e  6 . 5 .  Channel  R e qu i r em e n t s  f o r  2 - f r e q u e n c y  T h i r d  
Or de r  I n t e r m o d u l a t i o n  C o m p a t i b i l i t y  f o r  a 4 - c e l l  C l u s t e r
P a t t e r n .






































Number o f  Channe ls  Per C e l l
F i g u r e  6 . 6 .  Channel  R eq u i r e m e n t s  f o r  Complete T h i r d  Or de r  
I n t e r m o d u l a t i o n  C o m p a t i b i l i t y  f o r  a 4 - c e l l  C l u s t e r  P a t t e r n .






























Number o f  Channe ls  Per C e l l
Figure 6.7. Spectrum Efficiency of 2-frequency Third Order




















S e p a r a t i o n
Number o f  Channe ls  Per C e l l
F i g u r e  6 . 8 .  Spect rum E f f i c i e n c y  o f  Comple te  T h i r d  Order  
I n t e r m o d u l a t i o n  C o m p a t i b l e  Channel  Ass i gnments  f o r  a 4 - c e l l
C l u s t e r  P a t t e r n .


































Number o f  Channe ls  Per C e l l
F i g u r e  6 . 9 .  Channel  R eq u i r em en ts  f o r  2 - f r e q u e n c y  T h i r d  
Or de r  I n t e r m o d u l a t i o n  C o m p a t i b i l i t y  f o r  a 7 - c e l l  C l u s t e r
P a t t e r n .










































Number o f  Channels  Per C e l l
F i g u r e  6 . 1 0 .  Channel  R equ i remen ts  f o r  Complete T h i r d  Or de r  



















S e p a r a t i o n
Number o f  Channels  Per C e l l
Figure 6.11. Spectrum Efficiency of 2-frequency Third Order
Intermodulation Compatible Channel Assignments for a 7-cell





























Number o f  Channe ls  Per C e l l
F i g u r e  6 . 1 2 .  Spect rum E f f i c i e n c y  o f  Comple te  T h i r d  Or de r
I n t e r m o d u l a t i o n  C o m p a t i b l e  Channel  Ass i gnmen ts  f o r  a 7 - c e l l
C l u s t e r  P a t t e r n .

































Number o f  Channels  Per C e l l
F i g u r e  6 . 1 3 .  Channel  Req u i r eme nt s  f o r  2 - f r e q u e n c y  T h i r d  
Or de r  I n t e r m o d u l a t i o n  C o m p a t i b i l i t y  f o r  a 9 - c e l l  C l u s t e r
P a t t e r n .







































Number o f  Channe ls  Per C e l l
F i g u r e  6 . 1 4 .  Channel  R eq u i r em en ts  f o r  Complete T h i r d  Order  
I n t e r m o d u l a t i o n  C o m p a t i b i l i t y  f o r  a 9 - c e l l  C l u s t e r  P a t t e r n .































Number o f  Channe ls  Per C e l l
F i g u r e  6 . 1 5 .  Spect rum E f f i c i e n c y  o f  2 - f r e q u e n c y  T h i r d  Order  
I n t e r m o d u l a t i o n  C o m p a t i b l e  Channel  Ass ignmen ts  f o r  a 9 - c e l l
C l u s t e r  P a t t e r n .
















1 0 0  ~i—














Number o f  Channe ls  Per C e l l
F i g u r e  6 . 1 6 .  Spec t rum E f f i c i e n c y  o f  Comple te  T h i r d  Or der  
I n t e r m o d u l a t i o n  C o m p a t i b l e  Channel  Ass i gnments  f o r  a 9 - c e l l
Cluster Pattern.
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f a l l ,  but there  is  every i n d i c a t i o n  th a t  t h i s  
w i l l  f l a t t e n  out somewhat fo r  l a r g e  numbers of  
channe ls .
(3 )  As the c e l l  c l u s t e r  s i ze  increases the e f f i c i e n c y  
of  IM compat ib le  channel  plans shows a marked 
i n c r e a s e .
(4 )  The avoidance of  a l l  t h i r d  order  products does
not produce a s i g n i f i c a n t l y  lower  assignment  
e f f i c i e n c y  than th a t  obtained by avoid ing j u s t
2- f requency  products e s p e c i a l l y  as the minimum
spacing between channels is  inc reased .
Thus, the use of  IM compat ible  channel  assignments 
in c e l l u l a r  systems is  almost c e r t a i n l y  going to be 
accompanied by a reduc t ion in t h e i r  e f f i c i e n c y  since  
only a p ropor t ion  of  the t o t a l  a v a i l a b l e  channels w i l l  
be able to be used. I t  has been shown t h a t  the exact  
p r o p o r t i o n ,  and hence the reduct ion in e f f i c i e n c y  of  
such plans i s  dependent upon many f a c t o r s .  However, i t  
can be seen t h a t  the l a r g e r  the c e l l  c l u s t e r  s i z e ,  
then,  a l l  o ther  f a c to rs  being cons tan t ,  the g r e a te r  the  
e f f i c i e n c y  o f  these assignments.  Hence, the implementa­
t i o n  of  t h i s  type o f  frequency plan suggests the use o f  
c e l l  c l u s t e r s  l a r g e r  than the p r e s e n t ly  adopted s i z e  
fo r  TACS o f  seven.  However,  the a l re a dy  discussed
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i n her en t  d isadvantages of  using l a r g e r  c e l l  pa t te rns  
must be remembered. As wi th most aspects of  mobi le  
ra d i o  systems, there  appears to be no c l e a r  cut  d e c i ­
s ion .  The i n t r o d u c t i o n  of  compat ible channel  assign­
ments seems to be in c o n f l i c t  wi th o ther  system 
requ i rements .  However,  i f  co-channel  i n t e r f e r e n c e  is  
to be kept  to  a se ns i b le  l e v e l ,  then the implementat ion  
of  power c o n t r o l  may be the only course of  ac t ion  
a v a i l a b l e .  As to  whether or not t h i s  i s  accompanied by 
a change in the channel  assignment s t ra te g y  fo r  c e l l u ­
l a r  schemes is  a mat te r  fo r  f u r t h e r  research,  since the  
i n t r o d u c t i o n  o f  such a procedure w i l l  almost undoubt-  
ably r e s u l t  in a t r a d e - o f f  s i t u a t i o n  wi th o ther  system 
paramete rs .
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CHAPTER SEVEN
ASPECTS OF BASE STATION POWER CONTROL IMPLEMENTATION
7.1  INTRODUCTION
In mobi le rad io  systems, base s t a t i o n  t r a n s m i t t e r  
powers are p r e - s e le c te d  so as to ensure a s a t i s f a c t o r y  
l e v e l  o f  communication e x is t s  throughout  t h e i r  e n t i r e  
s e rv ic e  a rea .  The use of  high powers can enable t h i s  
c r i t e r i o n  to be met,  but from a spectrum conservat ion  
p o in t  o f  view,  i t  i s  important  th a t  t r a n s m i t t e r  powers 
are l i m i t e d  to the minimum necessary l e v e l  to provide  
the communication q u a l i t y .  Al though t h i s  i s  t rue  fo r  
a l l  LMR schemes, i t  i s  e s p e c i a l l y  so fo r  c e l l u l a r  type  
systems, where the employment of  frequency re -use  on a 
smal l  geographic scale  makes them very vu lne rab le  to  
co-channel  i n t e r f e r e n c e .  Obviously ,  i t  i s  the r e q u i r e ­
ment to provide an adequate l e v e l  o f  communication 
r i g h t  up to  the boundary of  a base s t a t i o n ’ s se rv ice  
area t h a t  u l t i m a t e l y  governs the t r a n s m i t t e r  powers 
t h a t  have to be used in a scheme. However, fo r  a l a rge  
p a r t  of  the t ime,  mobi les are located much c lose r  to  
the base s t a t i o n ,  and hence re ce iv e  a s t ronger  s ig na l  
than i s  necessary to prov ide adequate communication 
q u a l i t y .
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The use of  a co n t r o l  scheme whereby the base s t a ­
t i o n  t r a n s m i t t e r  power can be va r ied  in accordance wi th  
the t ransmission c h a r a c t e r i s t i c s  present  between mobile 
and base s t a t i o n  can enable the output  l e v e l  to always 
be mainta ined at  the lowest possib le  l e v e l  consis ten t  
wi th  the requ i red  grade of  s e rv ic e  i r r e s p e c t i v e  of  the 
m o b i le ’ s p o s i t i o n .  As a consequence, co-channel  
i n t e r f e r e n c e  l e v e l s  fo r  other  mobi les can be reduced,  
thus r a i s i n g  the o v e r a l l  l e v e l  of  communication q u a l i t y  
w i t h in  the system.
In duplex rad i o  systems, the a b i l i t y  to perform 
simul taneous t ransmission and rece p t i on  would enable  
base s t a t i o n  output  power l e v e l s  to be a l t e r e d  during  
the course of  the c a l l .  For simplex systems, such power 
c o n t r o l  would obviously  not be p o ss ib le .  The r e le v a n t  
base s t a t i o n  power l e v e l  fo r  the next  per iod of  
t ransmiss ion would have to be set  during the i n t e r l e a v ­
ing mobi le t ran sm i t  pe r io d ,  based on the s ig n a l  q u a l i t y  
rece ived  a t  the mobi le during the previous base s t a t i o n  
t ransmiss ion pe r io d .  Although t h i s  would l i m i t  the 
ex ten t  to  which the base s t a t i o n  output  power and 
mobi le rece ived s ig na l  q u a l i t y  could be matched, the  
r e l a t i v e l y  shor t  t ransmission per iods g e n e r a l l y  used 
over simplex schemes would s t i l l  enable a r e l a t i v e l y  
close degree o f  power c o n t r o l  to be achieved,  and the
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b e n e f i t s  o f  such c o n t r o l  to be gained.
This chapter  considers the implementat ion aspects  
of  a base s t a t i o n  power co n t r o l  system. For systems 
a l ready possessing mobi le power co n t r o l  the p r a c t i c a l ­
i t y  and l i m i t a t i o n s  of  using r e c i p r o c i t y  to perform 
base s t a t i o n  power co n t r o l  are d iscussed.  The th ree  
d i s t i n c t  requi rements o f  a base s t a t i o n  power co n t r o l  
scheme are i d e n t i f i e d  and the p r a c t i c a l  implementat ion  
of  each aspect  examined in tu rn  as regards poss ib le  
methods o f  accomplishment and the corresponding i m p l i ­
ca t ions  .
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7 .2  IMPLEMENTATION REQUIREMENTS OF A BASE STATION
POWER CONTROL SYSTEM
The f i r s t  requirement  th a t  i s  immediately  apparent  
f o r  an LMR base s t a t i o n  power c o n t r o l  system is  th a t  
such a scheme must be complete ly  automat ic in opera­
t i o n .  Since th er e  is no d i r e c t  knowledge at  the base 
s t a t i o n  as to the q u a l i t y  o f  the s ig na l  being rece ived  
at  the mobi le ,  then obviously  an assessment o f  s ig na l  
q u a l i t y  w i l l  have to be made a t  the mobi le and the  
i n fo rm at io n  re l ay ed  back to the base s t a t i o n  as to the  
requ i re d  change in base s t a t i o n  output  power. Although  
t h i s  i s  the case fo r  most LMR schemes, the use of  
mobi le t r a n s m i t t e r  power c o n t r o l  in c u r r e n t  c e l l u l a r  
systems means t h a t  c e l l u l a r  base s t a t i o n s  a l ready  pos­
sess a c e r t a i n  degree o f  knowledge about the t ransmis­
sion c h a r a c t e r i s t i c s  between mobi le and base s t a t i o n .  
I f  r e c i p r o c a l  propagat ion i s  assumed to e x i s t ,  then the 
base s t a t i o n  output  power could be adjusted in an 
i d e n t i c a l  manner to t h a t  of  the mobi le ,  thus e f f e c t i n g  
both base s t a t i o n  and mobi le t r a n s m i t t e r  power c o nt r o l  
through the use o f  the a l ready i n s t a l l e d  mobi le power 
c o n t r o l  system. Implementing base s t a t i o n  power con­
t r o l  by t h i s  method would obv ious ly  be the s implest  and 
most s t r a i g h t f o r w a r d  way poss ib le  fo r  c e l l u l a r  schemes,  
al though fo r  o ther  LMR systems not yet  equipped wi th
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any form o f  mobi le power c o n t r o l ,  the in t r o d u c t io n  of  
base s t a t i o n  power co n t r o l  would be somewhat more 
involved  r e q u i r i n g  the i n s t a l l a t i o n  of  a dedicated base 
s t a t i o n  power c o n t r o l  system.
Implementat ion of  a base s t a t i o n  power cont ro l  
scheme on a r e c i p r o c a l  propagat ion b a s i s ,  would how­
eve r ,  r e s t r i c t  the opera t ion  o f  the base s t a t i o n  power 
c o n t r o l  to the same d i s c r e t e  nature as th a t  i n v a r i a b l y  
used in c u r r e n t  c e l l u l a r  systems to perform the mobi le  
power c o n t r o l  f u n c t i o n .  Since the main fu nc t ion  o f  a 
mobi le power c o n t r o l  scheme is  to prevent  d e s e n s i t i s a ­
t i o n ,  and hence in t e r mo du la t io n  oc cur r i ng ,  in  the base 
s t a t i o n  d i s t r i b u t i o n  a m p l i f i e r ,  then the use o f  a power 
c o n t r o l  system in which the mobi le power i s  reduced in 
a s e r ie s  of  steps of  pre-determined magnitude enables  
t h i s  aim to  be achieved s a t i s f a c t o r i l y .  However, fo r  
base s t a t i o n  power c o n t r o l ,  the aim o f  reducing co­
channel  i n t e r f e r e n c e  l e v e l s  could perhaps b e n e f i t  from 
a more s t r i n g e n t  form of  power c o n t r o l ,  and hence would 
r e q u i r e  i t s  own separate  c o n t r o l  system. Also,  the use 
of  d i v e r s i t y  techniques fo r  base s t a t i o n  r ec e p t i o n ,  
toge t her  wi th  the lower l e v e l s  o f  noise and man-made 
i n t e r f e r e n c e  t h a t  are g e n e r a l l y  found around a base 
s t a t i o n  s i t e ,  and the v a r i a b l e  performance c h a r a c t e r i s ­
t i c s  o f  d i f f e r i n g  mobi le equipment could a l l  lead to
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the opera t ion of  a power co n t r o l  system working on 
r e c i p r o c i t y  to be somewhat suspect .
The p r a c t i c a l  implementat ion of  a base s t a t i o n  
power c o n t r o l  system can be seen to co n s i s t  of  three  
d i s t i n c t  aspects .
(1 )  The measurement/assessment o f  the mobi le rece ived  
s i g n a l  q u a l i t y .
( 2 ) The conveyance o f  the s ig na l  q u a l i t y /p o w e r  con­
t r o l  in fo rmat ion  between mobi le and base s t a t i o n .
(3 )  The r e g u l a t i o n  of  the base s t a t i o n  power so as to 
prov ide  the minimum necessary output  l e v e l .
Cur ren t  methods o f  measur ing/assessing the q u a l i t y  
of  a rece ived s i g n a l  operate  e i t h e r  w i t h in  the IF  
stages o f  the r e c e i v e r  or d i r e c t l y  on the audio output  
of  the demodulator .  In FM systems, a measurement of  the 
s t re n g t h  o f  a rece ived s ig n a l  can prov ide  a simple but 
e f f e c t i v e  i n d i c a t i o n  as to the q u a l i t y  o f  the demodu­
la t e d  baseband s i g n a l .  For a mobi le r e c e i v e r  s t r u c t u r e ,  
a dc vo l tage  l e v e l  can e a s i l y  be obta ined from wi th in  
the IF s t r i p  as to the rece ived s ig na l  l e v e l  and hence 
the corresponding rece ived  s ig n a l  q u a l i t y .  A detected  
vo l tage  exceeding a p rescr ibed  l e v e l  e q u iv a le n t  to the  
r eq u i re d  q u a l i t y  would t h e r e f o r e  i n d i c a t e  th a t  the
-  175 -
t r a n s m i t t e r  power of  the base s t a t i o n  was too high and 
a reduct ion  in output  l e v e l  could be t o l e r a t e d .  Con­
v e r s e l y ,  a dc vo l tage below t h i s  p rescr ibed l e v e l  would 
imply the presence of  an i n f e r i o r  q u a l i t y  s igna l  and 
correspond to a request  for  an increase in the output  
power of  the base s t a t i o n .
U n f o r t u n a t e l y ,  s ig na l  s t re ng th  measurement tech ­
niques operate  by measuring the t o t a l  energy contained  
w i t h in  the rece ived  rad i o  channel .  As a consequence,  
the re  i s  no way of  d i s t i n g u i s h i n g  between the wanted 
s i g na l  and o ther  in-band s igna ls  such as noise and 
i n t e r f e r e n c e .  A s p e c i f i c  s ig n a l  s t re ng t h  l e v e l  can 
t h e r e f o r e  be s o l e l y  caused by the wanted s ig n a l  or due 
to both the wanted s ig na l  and other  in t e r f e r e n c e
e f f e c t s .  The technique o f f e r s  no d i s t i n c t i o n  between
the two s i t u a t i o n s ,  al though the s ig n a l  q u a l i t y  of  the 
l a t t e r  w i l l  be understandably i n f e r i o r  to t h a t  of  the 
former ,  and so is  not c e r t a i n  to always g ive  a t rue  
r e p r e s e n t a t io n  o f  the rece ived s i g n a l  q u a l i t y .
The use o f  more complex techniques can however
make the d i s t i n c t i o n  between the two c o n d i t io n s ,  and 
hence can enable a t r ue  s ig n a l  q u a l i t y  measurement to  
be performed.  The use of  phase p e r t u r b a t io n s  imposed 
on low l e v e l  p i l o t  tones by propagat ion and i n t e r f e r ­
ence e f f e c t s  i s  a simple concept t h a t  has been used to
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enable r e a l  t ime s ig na l  q u a l i t y  es t im at io n  to be per ­
formed The use Qne or more tones
located  at  n a t u r a l  or a r t i f i c i a l l y  made n u l l s  w i t h in  
the baseband spectrum permi t  a s i g n a l  q u a l i t y  measure­
ment to be performed at  e i t h e r  a spot frequency in the  
baseband s i g n a l ,  or over a range o f  f requencies  w i t h in  
the audio bandwidth,  thus enabl ing an accurate  assess­
ment even when non-uni formly  d i s t r i b u t e d  i n t e r f e r e n c e  
is  p r esen t .  A comparison between the zero crossings of  
the per turbed p i l o t  tone s igna ls  and l o c a l l y  generated  
re fe re nce  s igna ls  can provide a d i r e c t  measurement as 
to the q u a l i t y  o f  the p i l o t  tone s igna ls  and hence a 
measure o f  the o v e r a l l  rece ived s ig n a l  q u a l i t y .
In a s i m i l a r  manner, another  technique th a t  can be
used to assess s i g n a l  q u a l i t y  d i r e c t l y  i s  t h a t  o f  using
a set  of  tones of  equal  ampl i tude and random phase to
C 4 )c o n s t i t u t e  a baseband s ig na l  . S e t t i n g  one or more 
of  these ampl i tudes to zero p r i o r  to t ransmiss ion forms 
s l o t s  w i th in  which,  any power t h a t  e x i s t s  at  the  
r e c e i v i n g  end w i l l  be s o l e l y  due to no ise ,  d i s t o r t i o n ,  
or i n t e r f e r e n c e  e f f e c t s  encountered by the s ig na l  dur ­
ing processing and propagat ion.  A comparison between 
the ampl i tude of  the rece ived s i g n a l  a t  the tone f r e ­
quencies and t h a t  at  the s l o t  f requencies  can be i n t e r ­
po la ted  as a d i r e c t  measurement o f  the rece ived  s ig na l
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q u a l i t y  The use of  such a technique obviously
r eq u i r e s  the temporary suspension of  normal 'audio 
t r an sm iss io n ,  and as such, l i m i t s  the dura t ion  and 
r e p e t i t i o n  o f  s ig n a l  q u a l i t y  measurements, and hence 
power changes.
Although the aim o f  a base s t a t i o n  power co n t r o l  
system is  to  mainta in  the requ i red  communications qua l ­
i t y  a t  the mobi le w h i l s t  using the minimum necessary  
t r a n s m i t t e r  output  power, a c o n t r o l  system based on a 
t r u e  s i g n a l  q u a l i t y  assessment technique could be 
p o t e n t i a l l y  dangerous.  For ins ta nc e ,  fo r  a base s t a t i o n  
power c o n t r o l  system using s ig na l  s t re ngt h  as the basis  
on which to ad ju s t  the t r a n s m i t t e r  power, in the un fo r ­
tunate  ci rcumstances o f  a mobi le exper iencing a good 
deal  o f  on-channel  noise and i n t e r f e r e n c e ,  the s ig na l  
s t r e ng th  would be de ce p t i v e ly  high fo r  the q u a l i t y  of  
the s i g n a l  being re ce iv e d .  As a consequence, the mobile  
would s u f f e r  from a communications q u a l i t y  below th a t  
which the system aims to achieve .  However, in a power 
c o n t r o l  scheme based on a t rue  s ig n a l  q u a l i t y  measure­
ment techn ique ,  a mobi le in an i d e n t i c a l  s i t u a t i o n  
would request  an increase in the output  power o f  the  
base s t a t i o n  in order  to overcome the l e v e l  o f  
i n t e r f e r e n c e .  As a r e s u l t ,  o ther  co-channel  mobi les  
could then f i n d  themselves in a s i m i l a r  p o s i t io n  to the
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f i r s t  mob i le ,  s u f f e r i n g  from too high a l e v e l  o f  
i n t e r f e r e n c e ,  and they also would then request  a power 
l e v e l  i n c re a s e .  The s i t u a t i o n  can e a s i l y  be seen to be 
developing i n t o  a ’ power r a c e ’ , the outcome of  which 
could w e l l  be t h a t  a l l  base s t a t i o n  t r a n s m i t t e r s  end up 
using maximum output  power in order  to t r y  to provide  
the r e q u i r e d  s ig na l  q u a l i t y  a t  t h e i r  re sp e c t iv e  
mobi les.  The c o nd i t i on  o f  one mobi le r e c e iv in g  a lower  
s ig n a l  q u a l i t y  than th a t  planed fo r  the system could  
thus cause the e n t i r e  power co n t r o l  system to co l l a p se  
and hence f o r  a l l  the mobi les to s u f f e r  the same high  
l e v e l s  o f  i n t e r f e r e n c e  as exper ienced p r i o r  to the  
i n t r o d u c t i o n  of  base s t a t i o n  power c o n t r o l .  Obviously ,  
such a c o n d i t io n  must be avoided and so i t  seems 
u n l i k e l y  t h a t  a base s t a t i o n  power co n t r o l  system w i l l  
ever  be ab le  to  operate  on t rue  s ig n a l  q u a l i t y  assess­
ment a lone .
The second aspect o f  p r a c t i c a l  implementat ion is  
t h a t  o f  r e l a y i n g  the s i g n a l  q u a l i t y /p o w e r  c o n t r o l  
i n fo r m a t io n  back from the mobi le to the base s t a t i o n .  
There are e s s e n t i a l l y  two d i s t i n c t  ways in which t h i s  
task can be performed,  namely in a d i g i t a l  or analogue  
manner. The i n a b i l i t y  to use a separate  ra d i o  channel  
on which to t r an sm i t  the power c o n t r o l  in fo rm at io n  d i c ­
t a te s  the requi rement  to convey such in f o rm at io n  along
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wi th  the normal audio ,  and in the case o f  c e l l u l a r  sys­
tems', o ther  s i g n a l l i n g  and supervisory s ig n a ls .  This  
t h e r e f o r e  l i m i t s  the method by which e i t h e r  the ana lo­
gue or d i g i t a l  s i g n a l  is  t ra n sm i t t e d  to a mode which 
causes l i t t l e ,  or i d e a ly  no p e r c e p t i b l e  degradat ion on 
the present  audio performance of  the system.
The power c o n t r o l  in fo r ma t io n  could be e i t h e r  f r e ­
quency m u l t i p le x e d  in wi th  the normal audio through the  
use o f  in -band or ou t -o f -b and  s i g n a l l i n g  techniques  
or t ime m u l t i p le x e d  in wi th the audio by using tem­
p o r a r i l y  blanked speech or t ime compression
techniques 1 1 # j he t ime m u l t i p le x  method
would c l e a r l y  l i m i t  the power c o n t r o l  in fo r ma t io n  to  
being t r a n s m i t t e d  in bursts  whereas the use of  f r e ­
quency m u l t i p l e x i n g  o f f e r s  the p o t e n t i a l  to  perform a 
cont inuous t ransmiss ion  o f  power c o n t r o l  in fo r m a t i o n ,  
and hence the p o s s i b i l i t y  of  a c lose r  degree of  o v e r a l l  
power c o n t r o l .  For a d i g i t a l  implementat ion ,  the f a c t  
t h a t  the power c o n t r o l  data would be t r a n s m i t te d  along 
wi th  the mobi le audio and poss ib ly  other  
s i g n a l l i n g / s u p e r v i s o r y  s igna ls  would,  o f  course,  r e s ­
t r i c t  the r a t e  a t  which power c o n t r o l  in fo rm at io n  could 
be t r a n s m i t t e d .  For a system employing in-band or ou t -  
of -band d i g i t a l  s i g n a l l i n g ,  a data r a t e  o f  less than 
300 baud would probably have to  be used in order  to
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meet o v e r a l l  bandwidth l i m i t s .  Although the use of  
b lank ing  or compression techniques could enable the 
burs ts  o f  power co n t r o l  data in a t ime m u l t i p le x  type  
o f  system to be t r an sm i t te d  a t  a f a s t e r  r a t e ,  the prac­
t i c a l  l i m i t a t i o n s  imposed on such techniques would 
s t i l l  g ive  a s i m i l a r  r e l a t i v e l y  slow o v e r a l l  data r a t e .
An analogue power co n t r o l  system has the p o t e n t i a l  
to use such p r o p e r t i e s  as ampl i tude,  phase or frequency  
as a means of  conveying the power c o n t r o l  in fo r m a t i o n .  
The many problems associated wi th  the use o f  ampl i tude  
as a means o f  conveying in fo r ma t io n  makes i t s  use 
h i g h ly  suspect ,  and as a consequence, i s  very seldom 
used in p r a c t i c e .  The use o f  phase as a method of  
r e l a y i n g  the power c o n t r o l  message would n e ce s s i ta te  
the cont inuous t ransmission of  some form o f  refe rence  
s i g n a l  in order fo r  the in fo r ma t io n  to be c o r r e c t l y  
i n t e r p o l a t e d  at  the base s t a t i o n .  The in her en t  d i f f i ­
c u l t i e s  o f  performing such a ta s k ,  p a r t i c u l a r l y  in a 
mobi le  ra d io  environment ,  would probably prec lude i t s  
use too .  The robust  nature  and i n b u i l t  r e fe rence  
f e a t u r e  of  frequency makes a power c o n t r o l  system based 
on f requency seem the most l i k e l y  form of  analogue type  
system. V a r i a t i o n s  in the frequency o f  a tone located  
e i t h e r  ou ts ide  the normal audio bandwidth or poss ib ly  
w i t h i n  the audio band a t  a s u i t a b l e  po in t  so as to
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cause no p e r c e p t i b l e  d e t e r i o r a t i o n  in audio performance
would permi t  a cont inuous co n t r o l  over the base 
s t a t i o n  output  power to be ex er c i s ed .  The speed at  
which the f requency of  the tone could vary and hence 
the r a t e  at  which power changes could be made would 
obviously  be governed,  in a s i m i l a r  manner to th a t  of  
the t ransmiss ion  o f  da ta ,  by o v e r a l l  bandwidth con­
s i d e r a t i o n s .  However,  a continuous v a r i a b l e  frequency  
tone system would be making less abrupt  changes in f r e ­
quency a t  a slower  r a t e  than a d i g i t a l  system in order  
to perform the power c o n t r o l .  Hence, the  use o f  such a 
t echnique would enable a power c o n t r o l  system to  
operate  a t  an e q u iv a le n t  data r a t e  f a r  in excess of  
t h a t  ach ie vab le  by d i g i t a l  techniques in  the a v a i l a b l e  
bandwidth.
In a s i m i l a r  manner to the conveyance o f  the power 
c o n t r o l  i n f o r m a t i o n ,  the adjustment of  the base s t a t io n  
t r a n s m i t t e r  power can be performed in two d i s t i n c t  
ways. The changes in output  power could e i t h e r  be in a 
d i g i t a l  form through the use o f  d i s c r e t e  power l e v e ls  
and a s e r i e s  o f  steps of  p r e - d e f in ed  magni tude,  or o f  a 
cont i nuo us l y  v a r i a b l e  na ture  in a p r o p o r t i o n a l  manner 
l i n e a r l y  r e l a t e d  to rece ived  s i g n a l  q u a l i t y ,  thus 
a l lo w in g  any l e v e l  between the p r e - d e f i n e d  maximum and 
minimum l i m i t s  to  be s e l e c t e d .  The use o f  d i g i t a l  t e ch ­
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niques in r e l a y i n g  the power c o nt r o l  in fo rmat ion  back 
to the base s t a t i o n  n a t u r a l l y  lends i t s e l f  to the  
implementat ion o f  the stepped form of  power c o n t r o l ,  
whereas an analogue technique would be synonymous wi th  
the use o f  cont inuous ly  v a r i a b l e  base s t a t i o n  output  
power.
Obviously ,  an analogue power co n t r o l  system in 
which the base s t a t i o n  output  power l e v e l  i s  con t i nu ­
ously v a r i a b l e  i s  analogous to a d i g i t a l  scheme in 
which the steps in the output  power are o f  an i n f i n i -  
t e s i m a l l y  smal l  s i z e .  The use o f  d i g i t a l  techniques and 
d i s c r e t e  power l e v e l s  r e s t r i c t s  the degree of  match 
possib le  between base s t a t i o n  t r a n s m i t t e r  power and 
mobi le rece ived  s i g n a l  q u a l i t y .  Depending on the opera­
t i o n a l  c h a r a c t e r i s t i c s  o f  such a system the match could 
be up to  a whole power co n t r o l  step in e r r o r ,  which i f  
we assumed a base s t a t i o n  power co n t r o l  system i d e n t i ­
ca l  to t h a t  as used fo r  mobi le power c o n t r o l  in TACS, 
could mean in excess of  twice  the output  power being  
t ra ns m i t t ed  as r e q u i r e d .  The use o f  smal le r  steps could 
ensure a c lo s e r  match between the output  power and s i g ­
na l  q u a l i t y ,  but  would obviously  invo lve  the t ransmis­
sion of  more da ta  in order  to sp ec i fy  a p a r t i c u l a r  
power l e v e l .  I f  however,  the system operated on a 
step-up step-down p r i n c i p l e  as opposed to s p e c i fy in g  a
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p a r t i c u l a r  power l e v e l ,  then the amount o f  data  
t r an s f e re nc e  necessary to a f f e c t  a change in base s t a ­
t i o n  power would be an i r r e d u c i b l e  minimum since only  
two poss ib le  commands would e x i s t .  For smal l  changes in  
output  power t h i s  type o f  opera t ion would be i d e a l ,  
however,  f o r  a sudden la rge  change in power l e v e l ,  the  
t ime taken fo r  t h i s  type of  system to re a c t  and c o r r e c t  
the power l e v e l / s i g n a l  q u a l i t y  imbalance could be 
longer  than t h a t  fo r  a system which s p e c i f i e d  a p a r t i c ­
u l a r  power l e v e l .
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CHAPTER EIGHT
t im e  AND FREQUENCY ASPECTS OF BASE STATION POWER
CONTROL
8 .1  INTRODUCTION
The genera l  o b je c t iv e  of  a base s t a t i o n  power con­
t r o l  scheme is  to c o n t r o l  the output power o f  a base 
s t a t i o n  t r a n s m i t t e r  such t h a t  only the minimum neces­
sary power is  t r a n s m i t te d  to prov ide the re q u ire d  s i g ­
na l  q u a l i t y  a t  the mobile r e c e i v e r .  Since the q u a l i t y  
of  the s ig n a l  re ce ive d  in mobile communications is  
l a r g e l y  dependent on the propagation c h a r a c t e r i s t i c s  o f  
the ra d io  channel ,  then i t  is  c le a r  th a t  any base s t a ­
t io n  power c o n t r o l  system must aim to overcome some, i f  
not a l l ,  o f  the po ss ib le  fe a tu re s  encountered under 
such c o n d i t io n s .  Numerous s tud ies  o f  LMR propagation  
have shown th a t  a ra d io  channel can be c h a r a c t e r is e d  by 
the th re e  d i s t i n c t  aspects o f  f a s t  f a d in g ,  shadowing, 
and path lo s s .  Thus the id e a l  power c o n t r o l  system can 
be envisaged as one in  which the v a r i a b i l i t y  in  
rece ived  s ig n a l  q u a l i t y  caused by a l l  o f  these fe a tu re s  
is  removed.
The r e l a t i v e l y  slow r a t e  a t  which path loss and 
shadowing e f f e c t s  can cause v a r i a t i o n s  in  mobile  
rece ived  s ig n a l  q u a l i t y  should cause no s i g n i f i c a n t
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problems in  the implementation o f  a base s t a t io n  power 
c o n t r o l  system aimed a t  removing these transm ission  
c h a r a c t e r i s t i c s .  However, the speed at  which fa s t  fa d ­
ing can occur,  e s p e c ia l l y  in  the higher frequency bands 
such as those a l lo c a te d  to c e l l u l a r  systems, makes not 
only the d e s i r a b i l i t y  of  performing such power c o n t ro l  
q uest ionab le  when consider ing  the s p e c t r a l  conse­
quences, but a lso ra ise s  doubts as to  the a b i l i t y  to  
implement a s u f f i c i e n t l y  s w i f t  c o n t r o l  scheme.
This chapter  in v e s t ig a t e s  the time and s p e c t r a l  
p r o p e r t i e s ,  and hence f e a s i b i l i t y ,  o f  a base s t a t i o n  
power c o n t r o l  scheme aimed a t  removing f a s t  fading  
v a r i a t i o n s  in  mobile rece ived  s ig n a l  q u a l i t y .  The r a t e  
a t  which the rece ived  s ig n a l  l e v e l  can change under 
f a s t  fading co nd i t ion s  is  assessed and hence the speed 
a t  which a base s t a t io n  must be capable o f  changing i t s  
output power is  i d e n t i f i e d .  The r e s u l t a n t  broadening  
o f  the RF output spectrum of a base s t a t i o n  t r a n s m i t t e r  
caused by such a power c o n t r o l  system is  a lso  est imated  
and presented .  The major sources o f  time delay present  
in  a power c o n t ro l  system are i d e n t i f i e d  and t h e i r  
e f f e c t  on the o p e ra t io n ,  and hence f e a s i b i l i t y ,  o f  t h i s  
type o f  power c o n t r o l  scheme are discussed.
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8 .2  SPECTRAL PROPERTIES OF A FAST FADING BASE STATION
. POWER CONTROL SCHEME
The v a r ia t io n s  in  the output l e v e l  o f  a base s t a ­
t io n  t r a n s m i t t e r  equipped with  power c o n t r o l  can be 
regarded as a form of  ampli tude modulation superimposed 
on top o f  the a l rea dy  frequency modulated s ig n a l .  
Hence, the output spectrum from a base s t a t i o n  w ith
power c o n t r o l  w i l l  conta in  sidebands due not only to  
frequency modulat ion,  but a lso to the 'AM* power con­
t r o l  waveform, thus r e s u l t i n g  in  a widening o f  the  
o v e r a l l  spectrum. The degree to which the frequency  
spectrum is  broadened is  obviously  dependent on the  
frequency content o f  the power l e v e l  v a r i a t i o n s ,  which,  
fo r  a power c o n t r o l  system aimed a t  removing f a s t  fa d ­
ing v a r i a t i o n s ,  could be s i g n i f i c a n t .
The f a s t  fading phenomenon encountered in  mobile  
ra d io  propagation may be considered as the r e s u l t  o f  
i n t e r f e r e n c e  between a number o f  incoming waves th a t
have been s c a t te re d  from obstacles  in c lose  p ro x im i ty  
to  the m obi le .  Analysis  o f  the r e s u l t i n g  in t e r f e r e n c e  
s i t u a t i o n  has been c a r r ie d  out by many authors  
and mathematical  models have ensued w^ ^
enable the p r e d ic t io n  o f  var ious s t a t i s t i c a l  p r o p e r t ie s  
o f  the s ig n a l  p a t t e r n .  Of these numerous models, t h a t
proposed by Gans ^  is  h ig h ly  regarded and w idely
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quoted, probably  because o f  the p h y s i c a l l y  reasonable  
assumptions on which i t  is  based. In t h is  model, the  
s ig n a l  a t  any p o in t  in  space is  considered to  be the  
v e c t o r i a l  sum o f  a number o f  h o r i z o n t a l l y  t r a v e l l i n g  
plane waves w ith  random ampli tudes and angles of  
a r r i v a l .  The phases o f  the waves are un i fo rm ly  d i s t r i ­
buted from 0 to  2 tt , and the ampli tudes and phases are  
assumed to  be s t a t i s t i c a l l y  independent.  Depending on 
the phase r e l a t i o n s h i p  between the incoming waves, they  
can combine e i t h e r  c o n s t r u c t iv e ly  or d e s t r u c t i v e l y ,  
producing deep fades which, on c lose in s p e c t io n ,  resem­
b le  a r e c t i f i e d  s ine  wave w ith  minima and maxima
spaced on the order  o f  a q u a r te r  c a r r i e r  wavelength.
By way o f  the very na ture  o f  f a s t  f a d in g ,  exact  
a n a ly s is  o f  such v a r i a t i o n s  in  mobile rece ived  s ig n a l  
l e v e l  is  not f e a s i b l e .  However, using Gans* model o f  
f a s t  f a d in g ,  to g e th e r  w ith  c e r t a i n  assumptions, i t  is  
po ss ib le  to make an i n s t r u c t i v e  examination o f  the  
shape o f  fa d es ,  from which an es t im ate  o f  the r a t e  o f  
change o f  mobile  rece ived  s ig n a l  l e v e l  can be o b ta ined ,  
and hence an i n d i c a t i o n  o f  the corresponding speed w ith  
which base s t a t i o n  t r a n s m i t t e r  power would have to  
change i f  i t  were to remove such fading e f f e c t s .  I f  we 
consider  the most s i m p l i s t i c  case o f  m u l t ip a th  
i n t e r f e r e n c e ,  then the  s i t u a t i o n  can be dep ic ted  as
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shown in  F igure  8 . 1 .  The s ig n a l  rece ived  a t  the mobile 
c o n s is ts  o f  only two incoming waves, both o f  which have 
undergone s i m i l a r  path loss and shadowing e f f e c t s ,  but 
one o f  which has come d i r e c t  from the base s t a t io n  and
one v ia  r e f l e c t i o n  from an obstac le  in  the near v i c i n ­
i t y  o f  the m obi le .  For an unmodulated c a r r i e r  s ig n a l  
t r a n s m i t te d  from the base s t a t i o n ,  the d i r e c t  rece ived  
s i g n a l ,  Ep, can be expressed as
Eq = cos(o)ct  + 9p) (8 .1 )
where w is  the c a r r i e r  frequency o f  the t r a n s m i t -  c
ted s ig n a l  and
SD = V  + ( 8 - 2)
where jzfp is  a random phase angle and u)p is  the
Doppler s h i f t  in troduced  in to  the wave by the motion of
the mobile  and e x p re s s ib le  as
ajp = Bvcosap ( 8 . 3 )
where aQ is  the angle o f  a r r i v a l  o f  the wave at  
the mobile  r e l a t i v e  to  the d i r e c t i o n  o f  motion o f  the  
v e h i c l e ,  v is  the v e l o c i t y  o f  the v e h i c l e ,  and 8 =
2 ir /X , X being the  wavelength o f  the t ra n s m it te d  c a r r i e r
s i g n a l .
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Mobll'e v e l o c i t y ,  v
, f  M u l t i p a t h  interference.
R i Simple Model of  M u l t ip  
Figure o . t *
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The r e f l e c t e d  wave, ER, can be w r i t t e n  in a s im i ­
l a r  form as
Er = bcos(u)c t  + 0R) ( 8 . 4 )
where b is  the a t te n u a t io n  c o - e f f i c i e n t  o f  the  
r e f l e c t e d  s ig n a l  r e l a t i v e  to  t h a t  o f  the d i r e c t  s i g n a l ,  
and the o ther  parameters are the corresponding  
e q u iv a le n ts  o f  the d i r e c t  s ig n a l  d e f i n i t i o n s .
I f  we assume th a t  the d i r e c t  wave and the  
r e f l e c t e d  wave a r r i v e  a t  the mobile in l i n e  w ith  the  
d i r e c t i o n  o f  t r a v e l  o f  the v e h i c l e ,  but from opposite  
d i r e c t i o n s ,  then the r e s u l t a n t  mobile rece ive d  s ig n a l  
w i l l  possess the deepest poss ib le  fade in  the s h o r te s t  
po ss ib le  t ime and hence prov ide a worst case scenario  
fo r  the power c o n t r o l  system. Under these c o n d i t io n s ,  
the s ig n a l  re ce ived  by the m obi le ,  E^, is  given by
E, = cos(a) t  -  Bvt + jrfn ) + bcos(a) t  + Bvt + tf_)
T C D C  R
( 8 . 5 )
Since i t  i s  only  the magnitude o f  the rece ived  
s ig n a l  t h a t  is  o f  p a r t i c u l a r  i n t e r e s t ,  then i t  is  
merely the modulus o f  the expression fo r  the mobile  
rece ived  s ig n a l  th a t  warrants f u r t h e r  c o n s id e r a t io n .  
This is  simply given by
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 5—  --------------------------------
IEt | = \ 1 + b + 2bcos(28vt + jrf) (8 . 6 )
where jzf is  the phase d i f f e r e n c e  between the two 
waves.
This  can be f u r t h e r  reduced to
where y ( t )  = 28vt  + d .
The maxima and minima in  the rece ived  s ig n a l  l e v e l  
w i l l  ob v io us ly  occur when the t r ig o n o m e tr ic  f u n c t io n ,  
c o s y ( t )  has the va lues o f  +1 and -1  r e s p e c t i v e l y .  These 
two c o n d i t io n s  correspond to a maximum value o f  
rece ive d  s ig n a l  l e v e l  o f  (1 + b) and a minimum value o f  
(1 -  b ) .  I f  t h i s  maximum value is  used as a re fe re nc e  
l e v e l ,  then the depth o f  fade ,  FD, experienced by the  
m obi le ,  in  dB, is  e x p re s s ib le  as
and the rec e iv e d  s ig n a l  l e v e l  in  dB, E, is  given
by
l Ej l  = \ l  + b2 + 2 b c o s ( y ( t ) )  ( 8 . 7 )
FD = 2 0 1 o g ( y r - § ) (8 .8 )
E = 201og(-i— 7-5 ) ( 8 . 9 )
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From equation ( 8 . 8 )  the value o f  b fo r  various  
fade depths can be c a l c u l a t e d ,  which when used in con­
ju n c t io n  w ith  equation ( 8 . 9 )  permits the shape o f  fades 
to  be in v e s t ig a t e d .  F igure  8 .2  shows the shape o f  fades 
ranging from depths o f  5dB to  40dB.
S u b s t i t u t in g  equat ion ( 8 . 6 )  in to  equat ion ( 8 . 9 )  
gives  the r e l a t i o n s h i p  fo r  the rece ive d  mobile s ig n a l  
l e v e l  in  dB as
Since 0 is  f ix e d  fo r  a given c a r r i e r  f requency,  i f  
we assume th a t  the v e h ic le  is  t r a v e l l i n g  a t  a constant  
v e l o c i t y ,  then t h is  expression can be e a s i l y  d i f f e r e n ­
t i a t e d  w ith  respect  to  time to o b ta in  the r a te  o f  
change o f  rece ived  s ig n a l  l e v e l  (dB per second),  and 
hence the req u ire d  r a t e  o f  change o f  base s t a t io n  
t r a n s m i t t e r  power. I f  we take  a c a r r i e r  frequency o f  
900MHz, then 0 = 6tt and equat ion ( 8 . 1 0 )  becomes
E = 201og
1 + b2 + 2bcos ( 12irvt + izO  ^
201og(Aj-----------------Cl V T ) ---------------------}
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dt = ---------------------- 5--------- ----------------------------------l n l O ( l  + b + 2bcos(12Trvt + d ) )
24QTrybsin(12TTvt + rf) ( 8 . 12 )
F igures  8 .3  to  8 .6  show the ra te s  o f  change of  
re ce ive d  s ig n a l  l e v e l  fo r  various v e h ic le  speeds fo r  
fade depths o f  lOdB, 20dB, 30dB, and 40dB r e s p e c t i v e l y .  
I t  i s  apparent from these graphs th a t  a base s t a t io n  
power c o n t r o l  system aimed a t  removing such v a r ia t io n s  
in  rec e iv e d  s ig n a l  q u a l i t y  would be requ ire d  to be ab le  
to change the output  power o f  the base s t a t i o n  
t r a n s m i t t e r  a t  a f a i r l y  s u b s t a n t ia l  r a t e .  T h is ,  in  
t u r n ,  would r e s u l t  in  an o v e r a l l  widening o f  the RF 
output spectrum o f  the t r a n s m i t t e r .  The e x te n t  o f  
broadening on the output spectrum can be examined by 
using the f a c t  th a t  a t  constant v e h ic le  speed, the f a s t  
fad ing  p a t t e r n  exper ienced a t  the mobile has a r e g u la r  
n a tu r e ,  and so the expression fo r  the v a r i a t i o n  in  
rece ive d  s ig n a l  l e v e l ,  and hence the corresponding  
express ion fo r  the v a r i a t i o n  in  base s t a t i o n  output  
power, may be considered as a p e r io d ic  f u n c t io n .  This  
does however e n t a i l  making the assumption th a t  a l l  
fades experienced by the  mobile are o f  the same depth.  
This obv iously  not being the case in  p r a c t i c e ,  does not  
enable a t r u e  r e p r e s e n t a t io n  o f  the spectrum spreading  
to  be analysed .  However, i f  we assume t h a t  a l l  fades  
are o f  the maximum depth g e n e r a l ly  encountered in  a 
p r a c t i c a l  system, then a worst case scenar io  can be
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Figure 8.3. Rate of Change of Mobile Received Signal
Level During a lOdB Fade.
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Figure 8.4. Rate of Change of Mobile Received Signal


































V e h i c l e  speed = 60mph~^
6 0 0 0 0 - -
5 0 0 0 0 - -
V e h i c l e  speed = 40mph- *
3 0 0 0 0 - -
V e h i c l e  speed = 20mph- *2 0 0 0 0 - -
V e h i c l e  speed = lOmph1 0 0 0 0 - -
2 tt
- 1 0 0 0 0 - -
y ( t ) ( r a d i a n s )
- 2 0 0 0 0  - -
- 3 0 0 0 0 - -
- 5 0 0 0 0 - -
- 6 0 0 0 0 -
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Level During a 40dB Fade.
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produced and examined.
A p e r io d ic  fu n c t io n ,  f ( t ) ,  o f  period T, and funda­
mental frequency g o ,  where a>T = 2tt, can be represented  
by a F o u r ie r  s e r ie s  o f  the form
f (
GO
t )  = An +  ^ (A cosna>t + B sinnoat) ( 8 . 1 3 )
0 n k 1 n n
where Ag is  the average value o f  f ( t )  given by
i 1 / 2fln = 4  /  f ( t )  dt ( 8 . 1 4 )
0 - T / 2
w hi le  the c o - e f f i c i e n t s  A  ^ and are given byn n
9 T /2
A„ = ■= /  f ( t )co sn a ) t  dt ( 8 .1 5 )
n - T / 2
and
,  T /2
B„ = -s I  f ( t ) s i n n u ) t  dt  ( 8 . 1 6 )
n - T / 2
I f  we assume th a t  the requ ire d  s ig n a l  s t re n g th  to  
prov ide the des ired  re c e p t io n  q u a l i t y  corresponds to  a 
rece ived  s ig n a l  l e v e l  o f  (1 + b ) ,  then,  from a spectrum 
broadening p o in t  o f  v iew , the req u ired  base s t a t i o n  
t r a n s m i t t e r  o u tpu t ,  P ( t ) ,  can be regarded as an AM 
waveform e x p re s s ib le  by the equation
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P ( t )  = (2 + 2b -  (1 + b2 + 2bcos(12irvt + jzO) )cosu)c t
( 8 .1 7 )
Using the F o u r ie r  s e r ie s  r e p r e s e n t a t io n ,  P ( t )  can 
also be w r i t t e n  as
00
P ( t )  = ( An + y A cosnwt + B sinnwt)cosa) t  
□ n = l  n n c
( 8 . 1 8 )
Since d  only  a f f e c t s  the time a t  which the maxima
and minima in  the rece ived  s ig n a l  occur, then s e t t in g
jzf = 0 merely  re fe re n ce s  the waveform such th a t  a t  t  = 0
the rece ive d  s ig n a l  l e v e l  is  a t  a maximum, and hence
P ( t )  becomes an even fu n c t io n .  This s i m p l i f i e s  the c a l -  
♦
c u la t i o n  o f  the frequency spectrum of  P ( t ) ,  s ince fo r
an even fu n c t io n  B = 0  fo r  a l l  n. Thus P ( t )  becomesn
e x p re s s ib le  as
00
P ( t )  = ( An + y A cosno>t)cosaj t  ( 8 . 1 9 )
0 n k  n c
Combining equat ions ( 8 . 1 7 )  and ( 8 . 1 9 )  we obta in  
the equat ion
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( An + )  fl cosnut)  = (2 + 2b -  (1 + b2 + 2 b c o s l2 i rv t ) )
• n i l  n
(8 . 20 )
from which the output spectrum o f  the base s t a t io n  
t r a n s m i t t e r  can be c a lc u la te d  using numerical  tech ­
niques
F igures 8 .7  to  8 .1 0  show the r e s u l t a n t  spectrum of  
the base s t a t i o n  t r a n s m i t t e r  fo r  a fade depth of  40dB 
a t  v e h ic le  speeds ranging up to  80mph. I t  can be seen 
from these s p e c t ra  t h a t  the broadening o f  the base s t a ­
t io n  output brought about by such a power c o n t r o l  sys­
tem i s  perhaps less  than would be imagined. As would 
be expected ,  doubl ing the speed o f  the mobile  causes a 
doubling in  the width o f  the spectrum, but even at  
80mph and a frequency of  900MHz, the spectrum is  such 
t h a t ,  fo r  sideband ampli tudes g re a te r  than -lOOdB r e l a ­
t i v e  to  t h a t  a t  the c a r r i e r  frequency, i t  i s  s t i l l  only  
approx im ate ly  + 15kHz wide. I t  is  perhaps worth 
remembering a t  t h i s  stage th a t  these s p ec t ra  are fo r  an 
unmodulated c a r r i e r .  O bviously ,  fo r  an Fm s i g n a l ,  every  
sideband o f  the fm spectrum would be a f f e c t e d  in  a 
s i m i l a r  manner causing poss ib le  f u r t h e r  spreading.  
Figures 8 .1 1  and 8 .1 2  show the computed output spectrum 
f o r  the base s t a t i o n  t r a n s m i t t e r  w ith  a modulating f r e -
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Figure 8 .1 0 .  Output Spectrum of a Base S ta t io n  Transmitter  Correct ing for a 40dB Fade
quency of 1kHz and a peak frequency d e v ia t io n  of  
3 .3kH z ,  fo r  the case o f  no power c o n t ro l  and power con­
t r o l  w h i ls t  c o r r e c t in g  fo r  a 40dB fade a t  a mobile  
speed o f  80mph r e s p e c t i v e l y .  A comparison between the 
two spectra  show th a t  although the number o f  sidebands 
present in the power c o n t ro l  case is  v a s t ly  g r e a te r  
than th a t  w ithout  such c o n t r o l ,  the o v e r a l l  width o f  
the two sp ectra  are remarkably  s i m i l a r .  Thus, the use 
of  a f a s t  fading base s t a t i o n  power c o n t r o l  system 
should not r e s u l t  in any s i g n i f i c a n t  broadening in  the 
output spectrum of  the base s t a t i o n  t r a n s m i t t e r ,  and 
hence should not g ive  r i s e  to  any h igher  l e v e ls  o f  
ad jacent  channel i n t e r f e r e n c e  than at  present e x p e r i ­
enced .
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F i g u r e  8 . 1 2 .  O u t p u t  Spec t rum o f  a Base S t a t i o n  T r a n s m i t t e r  w i t h  Frequency  M o d u l a t i o n
C o r r e c t i n g  f o r  a 40dB Fade.
8 .3 T H E  TIME ASPECTS OF A FAST FADING POWER CONTROL
SCHEME
The a b i l i t y  o f  a base s t a t io n  power c o n t ro l  scheme 
to  perform f a s t  fading c o r re c t io n s  in mobile rece ived  
s ig n a l  q u a l i t y  is  obviously  very much dependent on 
implementing a s u f f i c i e n t l y  rap id  power c o n t r o l  system.  
The o v e r a l l  response time o f  a power c o n t r o l  scheme 
w i l l  n a t u r a l l y  depend l a r g e l y  on the manner in  which 
the c o n t r o l  system op era te s ,  but w i l l  a lso be a f f e c t e d ,  
to  a vary ing e x t e n t ,  by the various time delays t h a t  
i n e v i t a b l y  e x is t  w i th in  mobile rad io  equipment.
The implementat ion o f  a power c o n t r o l  scheme based 
on a r e c ip r o c a l  propagation assumption can be seen to  
prov ide the f a s t e s t  poss ib le  c o n t ro l  system since t h is  
would ensure not only the minimum amount o f  rad io  
equipment in corpora ted  in t o  the c o n t ro l  system, but 
a lso  th a t  the processing requirements to accomplish the  
power c o n t ro l  fu n c t io n  were minimal .  However, the  
separate  re c e iv e  and t ra n s m it  antenna c o n f ig u r a t io n s  
to g e th er  w ith  the d i v e r s i t y  re c e p t io n  techniques th a t  
are now being in c r e a s in g l y  adopted a t  base s t a t io n  
s i t e s  e f f e c t i v e l y  makes f a s t  fading a n o n - r e c ip r o c a l  
propagation fe a tu re  and hence such a power c o n t r o l  sys­
tem implementation cannot r e a d i l y  be used to combat 
such v a r ia t io n s  in  mobile rece ived  s ig n a l  q u a l i t y .
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The use o f  a n o n -re c ip ro c a l  base s t a t io n  power 
c o n t r o l  im plementat ion technique n a t u r a l l y  d i c t a t e s  a 
loop c o n t r o l  system in c o rp o ra t in g  both mobile and base 
s t a t i o n  t r a n s m i t t e r s  and re c e iv e rs  and the in te rv e n in g  
propagat ion  path .  The removal o f  f a s t  fad ing v a r ia t io n s  
w i l l  undoubtedly r e q u i r e  a continuous assessment of  
rece ive d  s ig n a l  q u a l i t y  a t  the mobile to g e th e r  with  the 
corresponding continuous transm ission o f  power c o n t ro l  
in fo rm a t io n  back to the base s t a t i o n .  This need fo r  
continuous assessment and transmission not only r e s ­
t r i c t s  such a power c o n t r o l  scheme to duplex ra d io  sys­
tems, but a lso l i m i t s  the manner in which t h i s  type of  
power c o n t r o l  system could be implemented to  the te c h ­
niques discussed in  the previous chapter  th a t  can 
accommodate such requ irem ents .
The use o f  s ig n a l  l e v e l  as oppose to  phase j i t t e r  
as a measure o f  rece ive d  s ig n a l  q u a l i t y  would ensure 
t h a t  the delay in  the power c o n t r o l  system due to  
mobile  processing was minimal s ince such a measurement 
could c e r t a i n l y  be made qu icker  and a t  an e a r l i e r  po in t  
w i t h in  the mobile r e c e i v e r .  The r e l a t i v e l y  slow r a t e  at  
which continuous data would have to be t ra n s m it te d  
along w i th  the normal audio in  order to  remain w i th in  
bandwidth r e s t r i c t i o n s  could r e s u l t  in fade ra te s  
approaching data ra te s  fo r  the higher frequency bands,
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and hence would almost c e r t a i n l y  prec lude the use o f  a 
d i g i t a l  format fo r  conveying the power c o n t ro l  in form a­
t io n  between mobile and base s t a t i o n .  The use o f  an 
analogue technique would not only be p o t e n t i a l l y  
qu icker  in r e la y in g  the power c o n t ro l  in fo rm a t io n  but 
would also o f f e r  the a b i l i t y  to c o n t r o l  the base s t a ­
t io n  output power in  a non d is c r e te  manner, thus av o id ­
ing continuous abrupt changes in  output power and the  
assoc ia ted  s p e c t r a l  e f f e c t s .
The major delays in a power c o n t r o l  system due to  
the ra d io  equipment would occur in  the f i l t e r s  o f  
mobile and base s t a t i o n  t r a n s c e iv e r s .  The c r y s t a l  and 
ceramic f i l t e r s  t h a t  are i n v a r i a b l y  used in  the IF  
stages o f  mobile and base s t a t io n  r e c e iv e rs  in  order to  
prov ide s e l e c t i v i t y  are two main sources o f  such d e la y .  
Group delays o f  around 150-200us are common fo r  the  
c r y s t a l  f i l t e r s  p r e s e n t ly  used in  r e c e iv e r s ,  w h i ls t  
group delays approaching lOOps are g e n e r a l ly  found to  
e x i s t  in the ceramic f i l t e r s .  Since the loop c o n t r o l  
system inc ludes both base s t a t io n  and mobile r e c e i v e r s ,  
then the t o t a l  de lay in troduced in to  the c o n t r o l  system 
by these f i l t e r s  would be in  the reg ion  o f  0.5ms.
In c e l l u l a r  systems, the use o f  wideband data  
transmissions between mobile and base s t a t i o n  r e q u ire s  
the use o f  c r y s t a l  and ceramic f i l t e r s  th a t  are wider
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than those normally  used in  LMR equipment.  T h is ,  
to ge ther  with  the fa c t  th a t  the c r y s t a l  f i l t e r  is  o f  a 
lower order than those normally  used, a l l  r e s u l t s  in  
the time delay associated  with  these components being  
less  than those o f  t h e i r  counterpar ts  in  convent iona l  
LMR systems. Thus the delay introduced in to  a power 
c o n t r o l  system o p era t in g  in  a c e l l u l a r  scheme by such 
components would be understandably le s s .  The use o f  
wider and lower order c r y s t a l  and ceramic f i l t e r s  by 
other  LMR systems would a lso reduce the time delay  
in troduced by such components in to  t h e i r  power c o n t r o l  
schemes, but the accompanying reduct ion  in  s e l e c t i v i t y  
of  such a c t io n  would probably be unacceptab le .
The response time re q u ire d  by a power c o n t r o l  sys­
tem in  order to  s u c c e s s fu l ly  remove f a s t  fading v a r i a ­
t io n s  in  mobile rece ive d  s ig n a l  q u a l i t y  is  c l e a r l y  
dependent on the frequency band in which the rad io  
scheme is  o p e ra t in g .  Obviously ,  fo r  LMR systems 
o p era t ing  in  the lower frequency bands the r a t e  a t  
which fa s t  fad ing can occur is  much slower than th a t  
fo r  systems op era t ing  in  the higher bands, and hence 
the corresponding power c o n t r o l  system can a f f o r d  to be 
s lower .  Fundamentally more important  to  the re q u ire d  
speed fo r  such a power c o n t r o l  scheme is  the motion o f  
the mobile u n i t  s ince i t  is  t h i s  th a t  d i r e c t l y  gives
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r i s e  to such f a s t  fad ing  e f f e c t s .  I f  the mobile is  
s t a t i o n a r y  or near s t a t io n a r y  then the f l u c t u a t i o n  
ra te s  experienced are orders of  magnitude less than 
those th a t  can be encountered a t  normal v e h ic le  speeds.
Taking a l l  fa c to rs  in to  c o n s id e r a t io n ,  i t  seems 
very u n l i k e l y  th a t  a f a s t  fading power c o n t r o l  scheme 
could ever be implemented w ith  a s u f f i c i e n t l y  rap id  
response as to  be used in  UHF LMR schemes. I f  base s t a ­
t i o n  power c o n t r o l  were to be used to  remove such v a r i ­
a t io n s  in  mobile rece ived  s ig n a l  l e v e l ,  i t  would have 
to  be r e s t r i c t e d  to mobile systems o p era t in g  a t  lower  
f requenc ies  where fad ing ra te s  should prove to be more 
fa vo u ra b le  towards the implementation o f  t h i s  type o f  
c o n t r o l  system.
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CHAPTER NINE
PRACTICAL PERFORMANCE OF A MOBILE RADIO SYSTEM 
WITH BASE STATION POWER CONTROL
9 .1  INTRODUCTION
In chapter  seven some of  the p r a c t i c a l  aspects  
assoc ia ted  with  base s t a t i o n  power c o n t r o l  in mobile  
ra d io  systems were discussed, and po ss ib le  methods o f  
implementing such a c o n t r o l  scheme were i d e n t i f i e d  and 
examined. Of the numerous ways in which base s t a t i o n  
power c o n t r o l  could be performed, i t  can be apprec ia ted  
t h a t  each method would possess i t s  own c h a r a c t e r i s t i c s  
as regards p r a c t i c a l  im plementat ion and o v e r a l l  p e r f o r ­
mance.
The use o f  a base s t a t i o n  power c o n t r o l  scheme to  
remove the fa s t  fading v a r i a t i o n s  encountered in  mobile  
communications was discussed in chapter  e i g h t .  I t  was 
concluded t h a t  the use o f  f a s t  fad ing  power c o n t ro l  
would be ex trem ely  u n l i k e l y ,  a t  l e a s t  fo r  LMR systems 
op era t in g  in  the UHF bands, when co n s ider ing  the r a t e  
a t  which the c o n t ro l  system would have to  o p era te ,  
bear ing in  mind the t ime delays th a t  would e x i s t  in  
such a c o n t r o l  scheme. Thus, i t  is  b e l i e v e d ,  th a t  the  
optimum base s t a t i o n  power c o n t r o l  scheme fo r  these  
systems is  one in  which the dependence o f  mobile
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rece ive d  s ig n a l  q u a l i t y  on shadowing and path loss fa c ­
to rs  is  complete ly  removed. Obviously ,  to enable the  
c lose  match necessary between mobile rece ived  s ig n a l  
q u a l i t y  and base s t a t io n  output power req u ire s  the sys­
tem to be such th a t  the s ig n a l  q u a l i t y  is  monitored,  
and the power changed, in  a continuous ra th e r  than 
d i s c r e te  manner.
This chapter  d e t a i l s  the design and development o f  
a base s t a t io n  power c o n t r o l  system aimed a t  performing  
t h i s  optimum power c o n t r o l  fu n c t io n .  The system is  
designed so th a t  only a minimum of  a d d i t i o n a l  hardware 
i s  r e q u i re d ,  and is  such th a t  i t  can be r e t r o s p e c t i v e l y  
f i t t e d  to equipment t h a t  is  a l rea dy  in  s e r v ic e .  The 
base s t a t io n  output power is  cont inuous ly  v a r i a b l e  over 
a p re -d e f in e d  range under c o n t r o l  from the mobile using 
tone s i g n a l l i n g  techn iques .  Using rece ived  s ig n a l  l e v e l  
as an in d ic a t io n  o f  s ig n a l  q u a l i t y ,  the r e s u l t s  
obtained from p r a c t i c a l  f i e l d  measurements show th a t  
the s ig n a l  q u a l i t y  rece ived  by mobiles can be made com­
p l e t e l y  independent o f  mobi le-base s t a t io n  s e para t ion  
and th a t  the v a r i a b i l i t y  caused by shadowing can be 
s i g n i f i c a n t l y  reduced. Furthermore,  i f  r e q u i r e d ,  such 
r e s u l t s  could be adapted to  examine and assess the p e r ­
formance of  d i s c r e t e  base s t a t i o n  power c o n t r o l  schemes 
fo r  various system parameters .
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9 . 2  PRINCIPLE OF OPERATION AND GENERAL SYSTEM CON­
SIDERATIONS
Of the many and va r ie d  ways in  which a base s t a ­
t io n  power c o n t r o l  system could be implemented, i t  is  
b e l ie v e d  a most e f f e c t i v e  and r e a d i l y  ach ievab le  a lgo ­
r i th m  fo r  performing such a fu nc t ion  is  as shown in  
Figure  9 . 1 .  The s ig n a l  t ra n s m it te d  from the base s t a ­
t io n  is  rec e iv e d  a t  the mobile where the q u a l i t y  of the 
s ig n a l  is  c o n t inuo us ly  measured and assessed by compar­
ing w ith  a p r e - d e f in e d  l e v e l  corresponding to  the  
re q u ire d  tran sm iss ion  q u a l i t y .  Any d i f f e r e n c e  between 
the two l e v e ls  is  immediate ly  converted in t o  a s u i t a b le  
form and the in fo rm a t io n  re lay ed  back to the base s t a ­
t i o n .  At the  base s t a t i o n *  t h i s  s ig n a l  is  rece ived  and 
processed i n t o  the de s ired  form to  increase  or decrease 
the output power o f  the t r a n s m i t t e r ,  whichever is  
a p p l i c a b l e ,  to  m a in ta in  the req u ire d  s ig n a l  q u a l i t y  a t  
the m obi le .  I t  i s  c l e a r  th a t  the op era t io n  o f  such a 
c o n t r o l  scheme re q u i re s  simultaneous transm iss ion  and 
re c e p t io n  by both mobile and base s t a t i o n ,  and hence is  
only a p p l ic a b l e  fo r  LMR systems which operate  in duplex  
mode.
Having de f in ed  the a lg o r i th m  th a t  is  to  be used 
fo r  the power c o n t r o l  system, i t  is  now poss ib le  to  
consider  the fu n c t io n s  t h a t  both mobile and base
- 221 -
BASE ST ATI ON M O B I L E
n - s e r v i c e
C o n t r o l
T R A N S M I T
S I G N A L
CH ANGE  
POWER AS  
R E Q U E S T E D
M E A S U R E
R E C E I V E D
S I G N A L
Q U A L I T Y
N T E R P R E T
POWER
C O N T R O L
S I G N A L
C O M P A R E  WI TH  
R E Q U I R E D  
S I G N A L  
Q U A L I T Y
I N F O R M  OF 
N E C E S S A R Y  
C H A N G E  IN 
O U T P U T  POWER
S i g n a l
F i g u r e  9 . 1 .  A l g o r i t h m  f o r  Base S t a t i o n  Power C o n t r o l
O p e r a t i o n .
- 222 -
s t a t i o n  must perform. Figures 9 .2  and 9 .3  show 
schematic diagrams o f  the mobile and base s t a t io n  t r a n ­
s ce ivers  r e s p e c t iv e ly  fo r  the proposed power c o n t ro l  
scheme. The a d d i t i o n a l  hardware req u ired  by the mobile 
in  order to perform the power c o n t ro l  is  a c i r c u i t  
capable of  r e a l  time assessment o f  the rece ived  s ig n a l  
q u a l i t y ,  to ge ther  w ith  the conversion o f  t h is  s ig n a l  
q u a l i t y  in fo rm a t io n  in to  a s u i t a b l e  form which can 
r e a d i l y  be t ra n s m it te d  back to the base s t a t i o n .
For FM LMR systems, an in d i c a t i o n  o f  rece ived  s i g ­
n a l  q u a l i t y  can e a s i l y  be obtained from a measure o f  
the rece ived  s ig n a l  l e v e l .  C l e a r l y ,  the use o f  such an 
i n d i c a t i o n  means th a t  a measurement must be taken a t  a 
p o in t  w i th in  the mobile r e c e iv e r  where the s ig n a l  l e v e l  
shows a constant r e l a t i o n s h i p  with  the l e v e l  of  the  
incoming s i g n a l ,  and hence must be made p r i o r  to  any 
AGC c o n t r o l le d  c i r c u i t s .
Since the proposed power c o n t r o l  system is  con­
t inuous in  o p e ra t io n ,  the form in which the s ig n a l  
q u a l i t y  in fo rm a t io n  is  re lay ed  back to the base s t a t io n  
must be i t s e l f  o f  a continuous n a tu re .  The use o f  d i g i ­
t a l  techniques obviously  does not meet t h i s  c r i t e r i o n  
since they are i n h e r e n t ly  d i s c r e t e ,  and hence some form 
of  analogue s ig n a l  must be used to convey the power 
c o n t r o l  in fo rm a t io n .  I t  is  a lso e s s e n t ia l  th a t  the
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F i g u r e  9 . 3 .  Sc h em at i c  Diagram o f  Base S t a t i o n  T r a n s c e i v e r  f o r  Proposed Power C o n t r o l  Sy s te m.
in fo rm a t io n  c a r r ie d  by t h is  s ig n a l  is  in  no way co r ­
rupted by the processing and transmission c h a r a c t e r i s ­
t i c s  i t  w i l l  be subjected to .  This requirement obv i ­
ously leads to  the use of  a tone located  e i t h e r  below, 
w it h in  or above the audio band, the frequency o f  which 
i s  cont inuously  v a r ia b le  over a se t  bandwidth, and 
corresponds to a s p e c i f i c  l e v e l  o f  base s t a t i o n  output  
power. The wider bandwidth a v a i l a b l e  above the audio 
band is  p o t e n t i a l l y  more use fu l  s ince the tone can be 
lo ca ted  s u f f i c i e n t l y  f a r  away from the mobile audio so 
as to reduce audio f i l t e r i n g  requ irem ents ,  w h i ls t  
o f f e r i n g  a l a r g e r  range over which the frequency of  the  
tone can be v a r ie d ,  hence g iv in g  the system b e t t e r  
noise performance. As is  common w ith  such tone s i g n a l ­
l i n g  techniques a low RF frequency d e v ia t io n  must be 
used fo r  the tone in  order to be able to  mainta in  the 
re q u ire d  d e v ia t io n  l e v e l  fo r  the mobile t ra n s m it  audio,  
w h i ls t  s t i l l  enabl ing  the t o t a l  system d e v ia t io n  to be 
kept w i th in  the p res cr ibed  l i m i t s .  The use o f  a low 
d e v ia t io n  l e v e l  a lso a ids se p ara t ion  o f  the tone and 
the audio a t  the base s t a t i o n ,  to ge th er  w ith  he lp ing to  
reduce the p o t e n t i a l  broadening o f  the RF output spec­
trum of  the mobile .
The a d d i t i o n a l  base s t a t i o n  hardware requ ire d  by 
the power c o n t r o l  scheme i s ,  l i k e  th a t  o f  the mobile ,
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m inim al ,  c o n s is t in g  simply o f  processing c i r c u i t s  fo r  
the power c o n t ro l  s ig n a l  and a c i r c u i t  to convert  the  
convent iona l  c lass  C power a m p l i f i e r  (PA) in to  one 
whose output power can be c o n t r o l l e d .  In performing the  
a c tu a l  power c o n t r o l ,  i t  must be borne in  mind th a t  fo r  
some o f  the time maximum t ra n s m it te d  power w i l l  be 
req u ire d  in  order to prov ide  an acceptab le  s ig n a l  q u a l ­
i t y  a t  the m obi le .  Thus, the i n s e r t i o n  loss o f  any 
conversion c i r c u i t  must be small  in  order not to reduce 
the maximum a v a i l a b l e  t ra n s m it te d  power by any marked 
degree.
The r e l a t i v e l y  high powers t h a t  can be used by 
base s t a t io n  t r a n s m i t t e r s  almost c e r t a i n l y  ru le s  out 
performing the power c o n t r o l  a f t e r  the PA stage o f  the  
t r a n s m i t t e r .  Although a c e r t a i n  degree of  c o n t r o l  over 
the output power of  a PA can be obtained through va ry ­
ing the dc supply to  the de v ice ,  to  ob ta in  a reasonable  
power c o n t r o l  range n e c e s s i ta te s  a la rg e  v a r i a t i o n  in  
the supply l e v e l ,  which in  t u r n ,  can lead to  i n s t a b i l ­
i t y .  Thus c o n t r o l  o f  the output power is  l i m i t e d  to a 
p o in t  p r io r  to  the PA in p u t .  Since most t r a n s m i t t e r s  
c o n s is t  o f  a d i s c r e t e  d r iv e  stage fo l lowed by a PA 
s tage ,  the 100-500mW l e v e l  g e n e r a l ly  found a t  the o u t ­
put o f  the d r iv e  stage g ives a convenient low power 
p o in t  a t  which to  c o n t r o l  the output power of  the
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transmitter.
Having accepted th a t  i t  is  necessary to e f f e c t  the  
power c o n t ro l  be fore  the PA stage o f  the t r a n s m i t t e r ,  
an a d d i t i o n a l  f a c to r  must be considered ,  namely the 
e f f e c t  on the performance o f  the PA when operat ing  on 
lower than normal input  s ig n a l  l e v e l s .  The magnitude 
of  t h is  f a c t o r  w i l l  depend upon the design o f  the PA 
being used, but almost a l l  w i l l  show r e l a t i v e  increases  
in  spurious and thermal no ise .  As a consequence, th e re  
i s  l i k e l y  to  e x i s t  a lower l i m i t  o f  power, beyond which 
the increase  o f  t r a n s m i t te d  spurious w i l l  become unac­
c e p ta b le .  The f l e x i b i l i t y  to se t  the power c o n t r o l  
range below the maximum poss ib le  is  t h e r e f o r e  essen­
t i a l  .
The processing c i r c u i t s  fo r  the power c o n t r o l  s i g ­
na l  must be such as to convert  the in fo rm a t io n  con­
ta in e d  w i th in  the frequency of the tone in to  a s u i t a b le  
form to be used w ith  the power c o n t r o l  c i r c u i t .  
Without ex c ep t io n ,  the c i r c u i t s  capable  of  performing  
the power c o n t r o l  fu n c t io n  w i l l  be vo l tag e  c o n t r o l l e d ,  
and hence the power c o n t r o l  in fo rm a t io n  contained  
w it h in  the tone must be converted in t o  a dc vo l tag e  
l e v e l .  This can e a s i l y  be achieved through the use o f  a 
simple tone decoding c i r c u i t .
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9 . 3  PRACTICAL IMPLEMENTATION OF THE BASE STATION POWER
CONTROL ALGORITHM
A p r a c t i c a l  implementation o f  the base s t a t io n  
power c o n t ro l  a lg or i th m  was c a r r ie d  out w ith  the a id  of  
two standard FM LMR t r a n s c e iv e r s .  Although o r i g i n a l l y  
in tended fo r  simplex o p e ra t io n ,  the two sets  were s u i t ­
ab ly  modif ied to enable back to  back duplex working to  
be achieved in the lower UHF band with  base s t a t i o n  and 
mobile  t ra n s m it  f requencies  of  456.925MHz and 
462.425MHz r e s p e c t i v e l y .  The m o d i f ic a t io n s  and c i r c u i t s  
i n s t a l l e d  in to  the two t ra n s c e iv e rs  to enable the power 
c o n t r o l  fu n c t io n  to be performed are d e t a i l e d  below.
9 . 3 . 1  Mobile Power C ontro l  C i r c u i t r y
9 . 3 . 1 . 1  .Signal S treng th  Monitor ing  C i r c u i t
The s ig n a l  s t re n g th  monitor ing c i r c u i t  i n s t a l l e d  
in  the mobile was based around one o f  the now r e a d i l y  
a v a i l a b l e  low power s in g le  conversion FM r e c e iv e r  
i n te g r a t e d  c i r c u i t s ,  the SL6652, which has the added 
f a c i l i t y  of  a rece ived  s ig n a l  s t re n g th  in d ic a t o r  w ith  a 
dynamic range in  excess o f  80dB. In order to r e a l i s e  
the f u l l  dynamic range o f  the c i r c u i t  i t  was necessary  
t h a t  the in put  to i t  was taken from a p o in t  in  the IF  
s t r i p  o f  the mobile r e c e iv e r  t h a t  e x h ib i te d  a s i m i l a r  
dynamic range. Since the rece ived  s ig n a l  s t re n g th
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i n d ic a t o r  in the SL6652 is  only capable of  op era t ing  on 
s ig n a ls  up to 1MHz the obvious p o in t  from which to  
obta in  the input  was from w i th in  the 455kHz IF  stages  
of  the m obi le .  However, s a tu r a t io n  w i th in  the e a r ly  
stages of  the 455kHz IF  c i r c u i t r y  o f  the r e c e iv e r  l i m ­
i t e d  the dynamic range o f  the s ig n a l  s t re n g th  in d ic a ­
t io n  to  under 40dB and so precluded i t s  use as a poss i ­
b le  input  to  the s ig n a l  s t re n g th  c i r c u i t  w ithou t  f i r s t  
making ex tens ive  m o d i f ic a t io n s  to the r e c e i v e r .  Thus 
the in pu t  to  the c i r c u i t  was taken from the 1 0 .7 Mhz IF  
stages o f  the r e c e iv e r  p r i o r  to  the second mixer where 
the dynamic range proved s u f f i c i e n t  to  g ive  a 90dB 
range o f  rece ived  s ig n a l  s t re n g th  i n d i c a t i o n .  The 
second lo c a l  o s c i l l a t o r  w i th in  the mobile  r e c e iv e r  was 
used to perform the necessary down conversion w i th in  
the SL6652.
F igure  9 .4  shows the c i r c u i t  diagram of the s ig n a l  
s t re n g th  m onitor ing  c i r c u i t  w h i l s t  F igure  9 .5  shows the  
c i r c u i t  diagram of  the 10.7MHz IF  stages o f  the  
r e c e iv e r  together  w ith  the in te rco n n e c t io n s  to  the s i g ­
na l  s t re n g th  c i r c u i t .  The c a l i b r a t i o n  curve fo r  the  
s ig n a l  s t re n g th  monitor is  given in F igure  9 .15  on page 
248 of  the th e s is .
To ensure th a t  the s ig n a l  s t re n g th  m onitor ing  c i r ­
c u i t  was in no way a f f e c t e d  by the output from the
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Figure 9.4. Signal Strength Monitoring Unit.
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ad jus ted  to  provide the subsequently re q u ire d  + 1.7kHz  
d e v ia t io n  a t  the output o f  the mobile t r a n s m i t t e r  ( th e  
frequency d e v ia t io n  used fo r  tone s i g n a l l i n g  in TACS), 
p r i o r  to  being added to the mobile t r a n s m i t  audio.
9 . 3 . 2  Base S ta t io n  Power Contro l  C i r c u i t r y
9 . 3 . 2 . 1  Power Contro l  Tone Decoder
The power c o n t ro l  tone decoding was performed 
using another phase-locked loop (PLL) IC ,  the Xr - 2211.  
I n i t i a l  te s ts  performed on the tone decoder showed th a t  
under co nd it ions  of  low base s t a t i o n  rece ived  s ig n a l  
l e v e l s ,  eg. less  than luV p . d . ,  the a b i l i t y  o f  the  
decoder to  lock to the c o n t r o l  tone was im pa ire d .  Also  
the presence o f  other  s ig n a ls  a t  the in p u t  to  the tone  
decoder, e s p e c ia l l y  speech, sometimes caused the loop 
to become unlocked, and hence u n r e l i a b l e .  To prevent  
these c o nd it ions  oc curr ing  the power c o n t r o l  tone was 
passed through a bandpass f i l t e r  p r i o r  to  a p p l ic a t io n  
to  the tone decoder u n i t .  The c i r c u i t  was a lso  c o n f ig ­
ured such th a t  when the loop was unlocked or when the  
base s t a t io n  rece ived  s ig n a l  l e v e l  was too low to  
ensure r e l i a b l e  opera t ion  o f  the PLL, the base s t a t io n  
output power was s e t  to  maximum. This was achieved  
through the use o f  a combination o f  the  lock d e te c t  
outputs of  the XR-2211 and a c o n t r o l  s ig n a l  from the
-  235 -
squelch unit of the receiver.
F igure  9 .7  conta ins a c i r c u i t  diagram o f  the  
bandpass f i l t e r ,  w h i ls t  F igure  9 .8  gives the c i r c u i t  
diagram of  the tone decoder u n i t .  F igures 9 .9  and 9 .10  
conta in  the c i r c u i t  diagrams o f  the r e c e iv e r  audio u n i t  
and the squelch u n i t  to ge ther  w ith  the in te rcon ne c t io n s  
to  the tone decoding c i r c u i t r y .
9 . 3 . 2 . 2  Voltage C o n tro l le d  Power A m p l i f i e r
The vo l tag e  c o n t r o l l e d  power a m p l i f i e r ,  (VCPA) 
fu n c t io n  was achieved by lo c a t in g  a pin diode a t te n u a ­
t o r  between the m o d u la t o r /d r iv e r  and power a m p l i f i e r  of  
the t r a n s m i t t e r .  This a t te n u a t o r  was capable  o f  p ro v id ­
ing up to  35dB of  a t t e n u a t io n ,  which when coupled w ith  
the n o n - l in e a r  gain c h a r a c t e r i s t i c  o f  the c lass  C power 
a m p l i f i e r  w i th in  the equipment, re s u l te d  in  a poss ib le  
maximum base s t a t i o n  power c o n t ro l  range in  excess of  
60dB. The pin diode a t t e n u a t o r ,  which had a 2.5dB 
i n s e r t i o n  lo s s ,  was immediately fo l lowed by a l i n e a r  
a m p l i f i e r  w ith  a s i m i l a r  gain so as to  m ain ta in  the  
same maximum base s t a t i o n  t r a n s m i t t e r  power as th a t  
p r i o r  to m o d i f ic a t io n .
The c i r c u i t  diagrams o f  the pin diode a t te n u a to r  
and l i n e a r  a m p l i f i e r  are  shown in  Figures 9 .1 1  and 9 .1 2  
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c o n t r o l  vo l tag e  obtained from the power c o n tro l  tone 
decoder c i r c u i t  to prov ide  the req u ire d  base s t a t io n  
power c o n t ro l  range, which fo r  the purpose of  t h is  
i n v e s t i g a t i o n  was se t  to 45dB, thus g iv in g  maximum and 
minimum base s t a t io n  output powers o f  3.5W and lOOyW 
r e s p e c t i v e l y .
A separate  10V regu la te d  dc supply was a lso  
i n s t a l l e d  in t o  both t r a n s c e iv e rs  from which a l l  Power 
c o n t r o l  c i r c u i t s  except the l i n e a r  a m p l i f i e r  in  the  
base s t a t io n  were run.  F igure  9 .1 3  shows a c i r c u i t  
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9 . 4  TESTING AND EVALUATION OF THE POWER CONTROL SYSTEM
I n i t i a l  t e s t in g  and e v a lu a t io n  o f  the power con­
t r o l  system was performed on the bench using switchable  
a t te n u a to rs  to  s im u la te  v a r ia t io n s  in  mobi le-base s t a ­
t i o n  s epara t ion  and a vo l tage  c o n t r o l le d  a t te n u a to r  to  
s im u la te  shadowing losses .  From these e a r l y  i n v e s t i g a ­
t i o n s ,  i t  was decided to  operate  the power c o n t r o l  sys­
tem with  the aim of  l i m i t i n g  the f l u c t u a t i o n s  in  mobile  
rece ived  s ig n a l  s t re n g th  caused by path loss and sha­
dowing propagation c h a r a c t e r i s t i c s  to  less  than lOdB. 
Since the idea behind the power c o n t r o l  system is  to  
m ainta in  the des ired  s ig n a l  q u a l i t y  a t  the mobile  
w h i ls t  using the minimum necessary base s t a t io n  
t r a n s m i t t e r  power, the demodulation c h a r a c t e r i s t i c s  of  
the mobile r e c e iv e r  were used to obta in  the exact po in t  
a t  which commencement o f  base s t a t io n  power reduct ion  
would occur.  The SINAD curve fo r  the mobile t r a n s c e iv e r  
is  shown in F igure  9 . 1 4 ,  from which i t  can be seen th a t  
mobile rece ive d  s ig n a l  le v e ls  in  excess o f  -lOOdBm 
(2 .2uV  p . d . )  gave r i s e  to  no f u r t h e r  improvement in the 
q u a l i t y  o f  the demodulated s i g n a l .  Such rece ive d  s i g ­
n a l  l e v e ls  are th e r e f o r e  unnecessary, and so i t  was a t  
t h i s  p o in t  th a t  the power c o n t r o l  system was se t  up to  
begin the red u c t io n  in  base s t a t i o n  output power. The 
minimum l e v e l  o f  output power was set  to  correspond to
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a mobile  rece ived  s ig n a l  l e v e l  o f  more than -90dBm 
( 7 . 0 vlV p . d , ) ,  thus p rov id ing  the re q u ire d  window of
lOdB in  which the mobile s ig n a l  l e v e l  was to  be kept .  
The exact c h a r a c t e r i s t i c s  o f  the power c o n t r o l  system 
are shown in  F igures 9 .1 5  to  9 . 1 9 .  The t r a n s ie n t  
responses o f  the base s t a t io n  and mobile power co n tro l  
c i r c u i t r y  show t h a t  the system is  slow enough to ensure 
t h a t  f a s t  fad ing does not a f f e c t  the power c o n t ro l  
scheme in  any way, w h i ls t  quick enough to  prov ide  s i g ­
n i f i c a n t  c o r r e c t io n  fo r  shadow losses .  The d i f f e r e n c e  
in  the response times fo r  the low to high power and 
high to  low power t r a n s i t i o n s  o f  the base s t a t i o n  power 
c o n t r o l  c i r c u i t r y  can be exp la ined  by the  PLL’ s i n a b i l ­
i t y  to  fo l lo w  sudden steps in  power c o n t r o l  tone.  The 
c o n f i g u r a t io n  o f  the power c o n t r o l  c i r c u i t r y  such th a t  
maximum power is  t ra n s m i t te d  w h i ls t  the tone decoder is  
unlocked r e s u l t s  in a qu icker  low to high change in  
output power than fo r  a high to  low power change.
F i n a l  e v a lu a t io n  o f  the power c o n t r o l  scheme con­
s is te d  o f  performing numerous f i e l d  t r i a l s  on the sys­
tem. The base s t a t i o n  t r a n s c e iv e r  was operated in to  two 
s e p a ra te ,  but i d e n t i c a l  antennae lo ca te d  on the ro o f  of  
the b u i l d i n g .  The mobile t r a n s c e iv e r  opera ted ,  in  con­
ju n c t io n  w ith  a du p le x er ,  in to  a s in g le  q u ar te r  
wavelength whip antenna mounted on the r o o f  o f  the t e s t
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v e h i c l e .  The duplexer was constructed  using s ix  notch 
f i l t e r s  (b a n d - r e je c t  c a v i t i e s ) ,  th re e  in  each branch.  
The th ree  c a v i t i e s  s i t u a t e d  between the t r a n s m i t t e r  
output and the a e r i a l  re s u l te d  in a 74dB a t te n u a t io n  in 
t r a n s m i t t e r  noise a t  the re c e iv e  frequency,  w h i ls t  the  
th re e  located  between the r e c e iv e r  in p u t  and the 
antenna gave 76dB o f  a t te n u a t io n  a t  the  t r a n s m i t t e r  
frequency thus avoid ing  re c e iv e r  d e s e n s i t i s a t i o n .  The 
corresponding t r a n s m i t t e r  to antenna i n s e r t i o n  loss was 
ldB,  w h i ls t  the in s e r t i o n  lo s s ,  r e c e iv e r  to  antenna,  
was s l i g h t l y  h igher  a t  1.5dB.
The f i e l d  t r i a l s  c a r r i e d  out on the system con­
s is t e d  o f  performing two d i s t i n c t  sets o f  measurements, 
namely the measurement of  mobile re c e ive d  s ig n a l  
s t re n g th  over t e s t  ro u te s ,  f i r s t l y  w ithou t  base s t a t io n  
power c o n t r o l ,  and then the measurement o f  rece ived  
mobile  s ig n a l  l e v e l  and corresponding base s t a t i o n  out­
put power over the same t e s t  routes w ith  the power con­
t r o l  system in o p e ra t io n .  This e n t a i l e d  the  continuous  
 ^ r eco rd ing  o f  mobile rece ive d  s ig n a l  l e v e l  over the te s t  
ro u te s ,  and fo r  the power c o n t ro l  case, a simultaneous  
record ing  o f  the corresponding base s t a t i o n  output  
power. The record ing  o f  the mobile re ce ive d  s ig n a l  
l e v e l  was achieved using a p o r ta b le  computer connected 
through the necessary i n t e r f a c e  c i r c u i t r y  to  the s ig n a l
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s t re n g th  in d ic a t o r  of  the mobile r e c e i v e r .  Readings of  
rece ived  s ig n a l  s t re n g th  were taken r e g u l a r l y  a t  10 
metre i n t e r v a l s  along the t e s t  routes through the use 
of  a d is tance  transducer  connected to the speedometer 
o f  the t e s t  v e h ic le .  The d is tance  in fo rm a t io n  was also  
conveyed back to  the base s t a t io n  over the mobile  
t r a n s m i t  channel through the use o f  frequency s h i f t  
keying (FSK) techn iques ,  where i t  was stored on an 
in s t ru m e n ta t io n  tape reco rder  together  w ith  the  
corresponding value of  base s t a t io n  output power. On 
completion of  the f i e l d  t r i a l s ,  the in fo rm a t io n  stored  
on the tape was read in to  the p o r ta b le  computer and 
then uploaded onto the main computer fo r  f u r t h e r  
a n a ly s is .  The c i r c u i t  diagrams of  the hardware b u i l t  
fo r  t h is  t e s t in g  and e v a lu a t io n  o f  the power c o n t r o l  
system are given in  appendix B on page 289.
To enable the mobile s ig n a l  s t re n g th  to  be meas­
ured over a t e s t  rou te  fo r  both power c o n t r o l  and no 
power c o n t r o l  t e s t  co n d i t io n s  n e c e s s i ta te d  the t e s t  
v e h ic le  to be d r iven  tw ice  along each r o u te .  In order  
to  ensure th a t  the t e s t  runs with  and w ithout  power 
c o n t r o l  were performed under as s i m i l a r  co n d i t io n s  as 
p o s s ib le ,  and th a t  the r e s u l t s  obtained were in  no way 
dependent on the r e l a t i v e  motion of  the t e s t  v e h i c l e ,  
the t e s t  runs were c a r r i e d  out a t  constant speed. This
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did however r e s t r i c t  the te s t  routes over which to p e r ­
form the f i e l d  t r i a l s  to roads on which constant ‘speed 
t r a v e l  was p o s s ib le .
The use o f  geographica l  markers to  i d e n t i f y  the 
s t a r t  and stop po in ts  o f  each t e s t  rou te  allowed syn­
c h ro n is a t io n  between power c o n t ro l  and non-power con­
t r o l  runs to  be achieved to w i th in  approx im ate ly  2 
m e tres .
The f i e l d  t r i a l s  were performed over th re e  d i f ­
f e r e n t  t e s t  routes a t  speeds ranging between 30mph and 
50mph. F igure  9 .2 0  shows the geographica l  lo c a t io n  of  
the th ree  t e s t  routes to gether  w ith  th a t  o f  the base 
s t a t i o n .  The r e s u l t s  obtained are presented in  Figures  
9 .2 1  to  9 . 3 0 .  The f i r s t  graph o f  each f i g u r e  shows the  
rec e iv e d  mobile s ig n a l  s t re n g th  recorded over a t e s t  
ro u te  both w ith  and without  the base s t a t i o n  power con­
t r o l  system in o p e r a t io n .  The second graph shows the  
corresponding v a r i a t i o n  in  the base s t a t i o n  output  
power fo r  the t e s t  run performed with  base s t a t io n  
power c o n t r o l .
A d i r e c t  comparison between r e s u l t s  obta ined from 
runs performed w ith  power c o n t ro l  and w ithout  power 
c o n t r o l  over a t e s t  rou te  is  somewhat meaningless  
s in c e ,  by the very na ture  th a t  they were not obtained
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Figure 9.23a. Mobile Received Signal Level for Test Route B at 30mph.
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Figure 9 .30b .  Base S ta t ion Output Power for Test Route C at 30mph.
s im ultaneous ly  but s e q u e n t i a l l y  in time through two 
separa te  runs, they conta in  inheren t  d i f f e r e n c e s . Thus 
i t  is  the trends w i th in  the r e s u l t s  which must be exam­
ined in  order to assess the performance o f  the power 
c o n t r o l  system. The reduct ion  in the mean l e v e l  o f  the 
mobile  rece ived  s ig n a l  brought about by the  use o f  the  
power c o n t r o l  system can c l e a r l y  been seen in  the meas­
urements taken over a l l  th re e  t e s t  ro u te s .  A 
corresponding red u c t io n  in  the v a r i a b i l i t y  o f  the  
rece ive d  mobile s ig n a l  l e v e l  due to  the use o f  the base 
s t a t i o n  power c o n t r o l  system is  a lso e v id e n t ,  not only  
v i s u a l l y  from the graphs but a lso from a comparison of  
the standard d e v ia t io n  values o f  the two rece ive d  s i g ­
n a l  s t re n g th  c h a r a c t e r i s t i c s .
The r e s u l t s  obta ined from the t r i a l s  performed 
over the same t e s t  rou te  a t  d i f f e r e n t  v e h ic le  speeds 
show the power c o n t r o l  system to be capable  o f  con­
s i s t e n t  op era t io n  a t  l e a s t  up to  the maximum t e s t  speed 
of  50mph. Also the c lose  agreement between the r e s u l t s  
shown in  F igures 9 .2 8  to  9 .3 0  obta ined from th re e  sets  
o f  runs c a r r i e d  out over the same t e s t  ro u te  a t  the  
same speed i l l u s t r a t e s  the re p e a ta b le  performance of  
the power c o n t r o l  system.
The d i f f e r e n c e  between the mean rec e ive d  mobile  
s ig n a l  l e v e l  w ith  and without  base s t a t i o n  power
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c o n t r o l ,  as might be expected, c lo s e ly  matches the  
red u c t io n  in the mean l e v e l  o f  base s t a t io n  output  
power gained through the use o f  power c o n t r o l .  The 
r e s u l t s  obtained over the th ree  t e s t  routes possess 
mean base s t a t io n  t r a n s m i t t e r  power l e v e ls  t h a t  range 
from approximate ly  6dB below to as much as 18dB below 
the  maximum output power o f  3.5W. A v is u a l  comparison 
of  the graphs o f  base s t a t io n  output power and rece ived  
mobile  s ig n a l  l e v e l  w i thou t  power c o n t ro l  fo r  a t e s t  
ro u te  show a high degree o f  n e g a t iv e  c o r r e l a t i o n  
between the two as would be expected. However, the  
non-t ime synchronous na tu re  o f  the two sets o f  r e s u l t s  
precludes the performance o f  any meaningful  c o r r e l a t i o n  
c a l c u l a t i o n s .
The measurements taken over the th re e  t e s t  routes  
show th a t  w ithout  power c o n t r o l ,  the power t ra n sm it te d  
from the base s t a t io n  is  f a r  in excess o f  t h a t  requ ired  
by the mobile  to  prov ide a p e r f e c t l y  accep tab le  commun­
i c a t i o n  q u a l i t y .  Obviously ,  the e x te n t  to  which a base 
s t a t i o n  power c o n t r o l  system can go in reducing mean 
t r a n s m i t t e r  power l e v e ls  is  dependent on s e v e ra l  fa c ­
t o r s ,  in c lu d in g  the lo c a t io n  of  the mobile  during the  
c a l l  and the maximum output power o f  the base s t a t io n  
t r a n s m i t t e r .  However, the use o f  base s t a t i o n  power 
c o n t r o l  would always ensure t h a t  only the minimum power
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necessary was being used. As c e l l u l a r  systems become 
more e s tab l ish e d  and c e l l  s izes  are reduced to enable  
the la rg e  volume o f  t r a f f i c  th a t  these schemes w i l l  
i n e v i t a b l y  handle,  to  be accommodated, the a b i l i t y  to  
perform t h is  c lose  matching o f  base s t a t io n  power could 
prove to  be in v a lu a b l e .  Also,  the requirement o f  LMR 
systems in g e n e ra l ,  to support more and more users 
could mean th a t  unless f u r t h e r  s i g n i f i c a n t  a l l o c a t io n s  
of  spectrum are made, channel f requencies  could eventu­
a l l y  have to  be re-used a t  sm a l le r  and sm al le r  d i s ­
tances .  As c e l l u l a r  systems w i l l  undoubtably f in d  out,  
t h is  can cause severe problems w ith  co-channel  
i n t e r f e r e n c e ,  and the use o f  a power c o n t ro l  system 
could w e l l  be the only option a v a i l a b l e  in order to  
reduce the p r o h i b i t i v e l y  high l e v e ls  to more acceptable  
p r o p o r t io n s .
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CHAPTER TEN
CONCLUSIONS
The ra d io  frequency spectrum is  a f i n i t e  resource  
o f  which only a small  f r a c t i o n  has ever been a l lo c a te d  
to  the Land Mobile Radio S e rv ic e .  Accommodation o f  the  
ever in c re a s in g  number of  users has h i s t o r i c a l l y  been 
achieved by progress ive  reduct ions  in  channel  
bandwidths and the ju d ic io u s  a p p l ic a t io n  o f  frequency  
r e - u s e .
The advent of  900MHz n a t io n a l  c e l l u l a r  r a d io ,  and 
to  a le s s e r  e x te n t  the l i c e n s in g  of  trunked systems in 
Band I I I ,  have modif ied the ra d io  system designers  
approach to  both co-channel in t e r f e r e n c e  and intermodu­
l a t i o n  i n t e r f e r e n c e ,  since the sources o f  such 
i n t e r f e r e n c e  are now p o t e n t i a l l y  under the c o n t ro l  of  
the o v e r a l l  system. To t h is  end, mobile power c o n tro l  
has been s u c c e s s fu l ly  app l ied  to reduce the intermodu­
l a t i o n  e f f e c t s  in  base s t a t io n  r e c e iv e r  d i s t r i b u t i o n  
a m p l i f i e r s ,  and hence decrease the l e v e ls  o f  generated  
spurious at  c e l l  s i t e s .
At present each t r a n s m i t t e r  a t  a c e l l u l a r  base 
s t a t i o n  s i t e  generates a constant power output t h e r e ­
fo re  d e f in in g  the c e l l  s i z e ,  w i th  d i f f e r e n t  power l e v ­
e l s ,  and hence c e l l  s i z e s ,  being employed to
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accommodate d r a s t i c a l l y  d i f f e r e n t  user d e n s i t i e s .  This 
work has been concerned with  the e f f e c t  o f  dynamical ly  
vary ing  base s t a t io n  t r a n s m i t t e r  power so as to  provide  
only adequate mobile rece ived  s ig n a l  q u a l i t y  w el l  
w i t h in  the des ired  s e rv ic e  area of  any c e l l  thus reduc­
ing the l e v e l  o f  co-channel i n t e r fe r e n c e  to  mobiles in 
other  co-channel c e l l s .  This process is  d i r e c t l y  
e q u iv a le n t  to  t a y l o r i n g  the c e l l  s ize  o f  an i n d i v i d u a l  
channel to  the immediate requirement o f  the mobile  
u s e r .
The im plementat ion o f  a base s t a t io n  power c o n t ro l  
scheme comprises of  th ree  d i s t i n c t  elements.  F i r s t l y  
the assessment of  s ig n a l  q u a l i t y ,  secondly the communi­
c a t io n  of  th a t  in fo rm a t io n  to the base s t a t i o n ,  and 
t h i r d l y  the adjustment o f  the t r a n s m i t t e r  power. The 
range of  methods o f  implementation and t h e i r  
corresponding complex ity  and p re d ic te d  performance are  
described in  d e t a i l  in  chapter  seven. C l e a r l y ,  the sim­
p l e s t  approach would be one in which r e c i p r o c i t y  
between mobile and base s t a t io n  were assumed and hence 
the in fo rm a t io n  a l re a d y  a v a i l a b l e  a t  the base s t a t io n  
fo r  mobile power c o n t r o l  u t i l i s e d  to  achieve base s t a ­
t io n  power c o n t r o l .
S im u la t ion  o f  a base s t a t io n  power c o n t r o l  scheme 
in  chapter  f i v e  has shown th a t  an average redu ct io n  of
-  281 -
base s t a t i o n  power o f  some 8.5dB could be achieved  
w ithou t  s i g n i f i c a n t l y  e f f e c t i n g  the o v e r a l l  performance  
of  the system. Considering a seven c e l l  scheme, th is  
would achieve a mean reduct ion  o f  co-channel i n t e r f e r ­
ence o f  16.3dB, and no reason has been discovered dur­
ing the work to  suggest th a t  f ig u re s  c lo s e ly  approach­
ing t h i s  should not be accomplished in p r a c t i c e .
However, the implementation o f  power c o n t r o l  could 
le a d ,  under adverse i n t e r f e r i n g  c o n d i t io n s ,  to  a condi­
t io n  where a ’ power r a c e ’ s i t u a t i o n  developed in v o lv in g  
the i n t e r a c t i o n  between the mobile  power c o n t r o l  system 
and the base s t a t io n  power c o n t ro l  system, which would 
c l e a r l y  achieve no advantage in  terms o f  communications 
q u a l i t y ,  but would worsen the s i t u a t i o n  regard ing  co­
channel i n t e r f e r e n c e .  T h e re fo re ,  i t  i s  obviously  neces­
sary to  g ive  the most c a r e f u l  and maticulous cons idera ­
t i o n ,  most probably in v o lv in g  a s o p h is t i c a t io n  of  the  
system s o f tw a re ,  to  avoid t h is  unde s irab le  ’ power r a c e ’ 
s i t u a t i o n .  This d e c e p t iv e ly  n o n - t r i v i a l  s i t u a t i o n  
re q u ire s  the most c a r e f u l  a t t e n t i o n  and is  recommended 
as the major aspect o f  the c o n t in u a t io n  o f  t h i s  work.
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APPENDIX A
COMPUTER PROGRAMS USED FOR CELLULAR CHANNEL ASSIGNMENTS
/ •  T h is  is  the  program th a t  g e n e r a te s  the  IM c o m p a t ib le  channel s e ts .  I t  produces  
channel assignm ents  th a t  a r e  2 - fre q u e n c y  t h i r d  o rd e r  c o m p a t ib le  or bo th  2 and 3-  
f r e q u e n c y  t h i r d  o rd e r  c o m p a t ib le  depending on how the  program is  co m p i led .  • /
^ i n c l u d e  < s t d i o . h >
^ d e f i n e  r e j e c t ( e x p r . a r r a y )  i f  ( ( ( r e g = ( e x p r ) ) > 0 )  44  ( r e g < « S I Z E ) )  ( o r  r a y ) - > d a t a [ r e g ] » 1  
/ •  D e f in e s  a macro c a l l e d  " r e j e c t "  which marks the channel nimbers th a t  connot be 
a s s ig n e d  due to  p r e v io u s ly  a s s ig n e d  c h a n n e ls .  • /
s t r u c t  ARRAY { ch ar  data[20O+-1 ] ;  >; 
s t r u c t  ARRAY o r i g ;
/ •  S e ts  up an a r r a y  in  which to  s t o r e  d e t a i l s  o f  th e  ch ann e ls  th a t  have been as s ign ed  
o r  those th a t  a r e  b a rre d  from assignment on IM grounds. • /
i n t  v o l s [ 2 0 0 ] ;
/ •  S e ts  up an a r r a y  in which to  s t o r e  the nunbers of the c o m p a t ib le  ch ann e ls  maximum 
l i m i t  o f  200.  • /
i n t  s i z e ;  
i n t  s e p a r a t i o n ;  
i n t  b; 
i nt c;
/ •  D e c l a r a t i o n s  of in t e g e r  v a r i a b l e s .  • /
ma i n ( )
<
scanf ("?5d" ,4s  i z e )  ;
/ •  Reads in  t o t a l  number o f  a v a i l a b l e  c h an n e ls  maximcm of 20 0 .  • /  
s c a n f ( " % d " ,4 s e p a r a t  i o n ) ;
/ •  Reads in  minimum s e p a r a t i o n  p e r m is s ib le  between c h an n e ls  as s ign ed  to  the  
same base s t a t i o n .  • /
scanf ("?!d" , 4 b ) ;
/ •  Reods in  the  number o f  ch a n n e ls  r e q u i r e d  per  c e l l .  • /  
c ~ ( b - 1 ) ;
r e c u r ( 4 o r  i g . 0 . 1 ) ;
/ *  S e ts  f i r s t  a s s ig n ed  channel to  channel number 1 f i r s t  t im e  round o n ly .  • /
}
r e c u r ( o l d d a t a , l e v e l . s t a r t p )  r e g i s t e r  s t r u c t  ARRAY « o ld d a ta ;  r e g i s t e r  in t  l e v e l ;
/ •  D e f in e s  a f u n c t io n  c a l l e d  " r e c u r "  w h ich  upda tes the  l i s t  o f  c h a n n e ls  p r e s e n t l y  
a l l o c a t e d  and those b a r r e d  from a l l o c a t i o n ,  and keeps t r a c k  on the  nivnber o f  ch a n n e ls  
so f a r  o s s ig ned  and the  channel nunber a t  which to  s t a r t  lo o k in g  f o r  th e  next p o s s i b le  
a s s ig n a b le  c h a n n e l .  • /
r e g i s t e r  in t  s t a r t p ;
{
r e g i s t e r  in t  i ;  
r e g i s t e r  in t  reg;  
s t r u c t  ARRAY newdata;
/ •  S e ts  up an a r r a y  to  c o n t a in  d e t a i l s  of th e  ch ann e ls  b a r r e d  by the  assignm ent  
of the  p re s e n t  c h a n n e l .  • /
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f o r (  ; s t a r t p c * 3 i z e ; s t o r t p + + )
{
i f  ( o l d d a t a  > d a t a [ s t a r t p ] )  c o n t in u e ;
/ •  Checks to  see i f  the  next  channel w i t h  the r e q u i r e d  s e p o r a t io n  does 
not have any t h i r d  o r d e r  r e l a t i o n s h i p  w i t h  any p r e v io u s ly  assigned  
ch a n n e Is .  • /
v a l s [ l e v e l ] - s t a r t p ;
/ •  Records the  channel number in  the  l i s t  o f  c o m p a t ib le  c h an n e ls .  • /  
i f  ( l e v e K c )  {
/ •  Checks to  see i f  enough ch ann e ls  have a l r e a d y  been o b ta in e d .  • /  
newdato= * o ld d a t a ;
/ •  Adds ch ann e ls  b a r r e d  by the a l l o c a t i o n  of the  l a t e s t  channe! to  the  
l i s t  of  ch ann e ls  a l r e a d y  a s s ig n ed  or  b a r re d  from as s ign m e nt .  • /
f o r ( i = 0 ;  i d  eve I ; i+ + ) {
# \  fd e f  ALL
/ •  O p t io n  used in  c o m p i l in g  to  o b t a i n  co m p le te  t h i r d  o rd e r  c o m p a t i b i l i t y .  • /
r e g i s t e r  in t  j ;  
f o r ( j « 0 ; j < i ; j + + ) {
r e j e c t ( v a I s [ i ] + v a l s [ j ] - s t a r t p . k n e w d a t a ) ; 
r e j e c t  ( v a I  s [  i ] va l s [  j J + s ta r tp .k n e w d o t a )  ; 
r e j e c t ( v a l s f j ] - v a l s [ i ] + s t a r t p . k n e w d a t a ) ;
/ *  Checks channel th a t  has ju s t  been as s ig n e d  w i t h  a l l  
p r e v io u s ly  a l l o c a t e d  ch ann e ls  to  lo c a t e  which h ig h e r  
nunber chonnels  cannot be as s ign ed  due to  3 - freq uen cy  
t h i r d  o r d e r  IM product r e l a t i o n s h i p  w i t h  p r e v io s l y  
a l l o c a t e d  c h a n n e ls .  • /
#end i f
r e j e c t ( 2 « v a l s [ i ] s t a r t p . k n e w d a t a ) ; 
r e j e c t ( 2 * s t a r t p  v a l s [ i ] . k n e w d a t a ) ;
/ •  As above except f o r  2 f req uen cy  t h i r d  o r d e r  r e l a t i o n s h i p s .  • /
I
r e c u r (k n e w d a t a , I eve 1 + 1 ,s t a r t p + s e p a r a t  i o n ) ;
/ •  R e tu rn s  to  f i n d  th e  next c o m p a t ib le  channel f o r  the  l i s t .  • /
>
e ls e )
r e g i s t e r  i n t  k; 
f o r ( k = 3 ; k < » l e v e l ; k + + )
p r i n t f ( "  %d” , v a l s [ k ] ) ; 
p r i n t f ( " 0 ) ;
/ •  P r i n t s  ou t l i s t  o f  c o m p a t ib le  channel nixnbers. • /
>
>
/ •  R e tu rn s  to  f i n d  the next s e t  of c o m p a t ib le  c h an n e ls .  • /
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/ •  T h is  is  th e  program th a t  g e n e r a te s  the groups of c o m p a t ib le  channel s e ts .  T h is  
p a r t i c u l a r  program is  f o r  a c e l l  c l u s t e r  s i z e  of n in e .  • /
^ in c lu d e  < s t d i o . h >
in t  n; •
/ *  D e c l a r a t i o n  o f  in te g e r  v a r i a b l e .  • /
unsigned • a r r a y ;  
unsigned * a r r a y 2 ;  
unsigned * a r r a y 3 ;
/ •  D e c la r e s  a r r a y , a r r a y 2 .  and a r r o y 3  as p o in t e r s  to  unsigned in t e g e r s ;  32 b i t  long 
memory lo c a t i o n s .  • /
char « c a l l o c ( ) ;
/ •  S ta n d a rd  C fu n c t io n  fo r  a l l o c a t i o n  of  memory. * /  
m a in ( a r g c .a r g v )
/ •  Argc and a rg v  a r e  input v a r i a b l e s  from o p e r a t in g  system. • /  
in t  a rg c ;
/ •  D e f i n e s  the  number o f  in put argum ents . • /  
char * * a r g v ;
/ •  S e ts  up an a r r a y  in  which to  s t o r e  input arguments . • /
{
r e g i s t e r  uns igned t ;  
r e g i s t e r  unsigned t2 ;  
r e g i s t e r  un s ig ned t3 ;
in t  I ; 
in t  k ; 
in t  j ; 
in t  i ; 
in t  m; 
in t  p; 
in t  q; 
in t  r ; 
in t  s;
/ •  D e c l a r a t i o n s  of r e g i s t e r s  and in te g e r  v a r i a b l e s .  • /  
i = a t o i ( a r g v [ 1 ] ) ;
/ •  C o n v e r ts  f i r s t  argument in t o  in t e g e r .  • /
a r r a y * ( u n s i g n e d * ) c a l l o c ( i , s i z e o f ( u n s i g n e d ) ) ;  
a r r a y 2 * ( u n s i g n e d * ) c a l l o c ( i , si z e o f ( u n s i g n e d ) ) ;  
a r r a y 3 * ( u n s i g n e d * ) c a l l o c ( i , s i z e o f ( u n s i g n e d ) ) ;
/ •  A l l o c a t e s  memory space to  a r r a y s  and s e ts  a l l  e lem ents  o f  a r r a y s  to  z e r o .  • /
i f ( ( a r  r a y = ^ J J lL )  I I ( o r  ra y 2 = * fU L L )  I I ( a r r a y 3 -^ J U L L ) )
<
p r i n t f ( ”Not enough memoryO); 
ex i  t ( 1 ) ;
>
/ •  Checks to  make su re  we have enough f r e e  memory. • /  
r e a d d a t ( a t o i ( a r g v [ 2 ] ) ) ;
/ •  C o n v e r ts  second in put  argument in to  in te g e r  form f o r  " r e a d d a t"  f u n c t i o n .  • /
f o r  ( i ^ ;  i<n ;  i+ + )
{
t ~ a r r o y [ i ] ;  
t2=»array2[ i ] ;  
t 3 - a r r a y 3 [ i  j ;
/ •  Reads in  a se t o f  c o m p a t ib le  channel nutibers. • /  
f o r  ( j - i + 1 ; j < n ; j + + )
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{i f  ( t  k  a r r o y [ j ] )  c o n t in u e ;  
i f  ( t 2  *  a r r a y 2 [ j ] )  c o n t in u e ;
i f  ( t 3  k  a r r a y 3 [ j ] )  c o n t in u e ;
/ •  Reads in  the  next s e t  o f  c o m p a t ib le  channel numbers and checks to  make 
sure  th e r e  a re  no r e p e a te d  chonnels  w i t h  th e  p re v io u s  s e t .  • /
t 4-  a r r a y f j ] ; 
t2  +«  a r r a y 2 [ j ] ;  
t 3  + -  a r r a y 3 [ j ] ;
/ •  Combines the  channel numbers of th e  p r e v io u s  and pre s e n t  channel s e ts
to  c r e a t e  a l i s t  o f  channel numbers so f a r  a s s ig n ed .  * /
f o r  (k » j+ 1  ;k < n ;k + + )
{
i f  ( t  *  a r r a y [ k ] )  c o n t in u e ;  
i f  ( t 2  k  a r r a y 2 [ k ] )  c o n t in u e ;  
i f  ( t 3  k  o r r o y 3 [ k ] )  c o n t in u e ;
/ •  Reads in  next se t  o f  ch ann e ls  and checks w i t h  p r e v io u s  s e ts  f o r  channel  
u n iqu ene ss .  • /
t -H* a r r o y f k ] ; 
t 2  +<» a r  r a y 2 [ k ]  ; 
t 3  +=  a r r o y 3 [ k ] ;
/ •  Adds channel nunbers to  l i s t  of  a l r e a d y  as s ign ed  c h a n n e ls .  • /
fo r  ( l « k + 1 ; l < n ; I + + )
{
i f  ( t  k  a r r a y [ l ] )  c o n t in u e ;  
i f  ( t 2  k  a r r a y 2 [ l ] )  c o n t in u e ;  
i f  ( t 3  k  a r r a y 3 [ l ] )  c o n t in u e ;
/ •  Next set o f  c h a n n e ls .  • /
t +=  a r r a y [ I ] ;  
t 2  += a r r a y 2 [ I ] ;  
t 3  +■» a r r o y 3 [  I ] ;
/ •  Adds in  channel numbers. • /
f o r  (n*=l +  1 ;m<n;rTH-f)
<
i f  ( t  k  a r r a y [ m ] )  c o n t in u e ;  
i f  ( t 2  k  a r r a y 2 [ m ] )  c o n t in u e ;  
i f  ( t 3  Jc a r r a y 3 [ m ] )  c o n t in u e ;
/ •  Next se t  of c h a n n e ls .  • /
t +■ a r r a y t m ] ; 
t 2  + -  o r r a y 2 [ m ] ; 
t 3  -H» o r r a y 3 [ m ] ;
/ •  Adds in  channel numbers. • /
f o r  (p=*n+1 ;p < n ;p + + )
{
i f  ( t  k  a r r a y [ p ] )  c o n t in u e ;  
i f  ( t 2  *  a r r a y 2 [ p ] )  c o n t in u e ;  
i f  ( t 3  k  a r r a y 3 [ p ] )  c o n t in u e ;
/ •  Next se t  of c h a n n e ls .  • /
t + -  a r r a y [ p ] ;  
t 2  + -  a r r a y 2 [ p ] ; 
t 3  + -  a r r a y 3 [ p ] ;
/ •  Adds in  channel numbers. * /
f o r  (q = p + 1 ;q < n ;q + + )
<
i f  ( t  k  a r r a y [ q ] )  c o n t in u e ;  
i f  ( t 2  k  a r r a y 2 [ q ] )  c o n t in u e ;  
i f  ( t 3  k  a r r a y 3 [ q ] )  c o n t in u e ;
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/ •  Next se t  o f  c h a n n e ls .  • /
t + -  a r r a y [ q ] ; 
t 2  + -  a r r a y 2 [ q ] ;  
t 3  +■  a r r a y 3 [ q ] ;
/ •  Adds in  channel numbers. • /
f o r  ( r—q + 1 ; r < n ; r + + )
<
i f  ( t  4  a r r a y [ r ] )  c o n t in u e ;  
i f  ( t 2  4  o r r a y 2 [ r ] )  c o n t in u e ;  
i f  ( t 3  4  a r r o y 3 [ r j )  c o n t in u e ;
/ •  Next se t  o f  c h a n n e ls .  • /
t + -  a r r a y [ r ] ; 
t 2  + -  a r r a y 2 [ r ] ; 
t 3  + -  a r r a y 3 [ r ] ;
/ •  Adds in  channel numbers. • /
f o r  ( s * r + 1  ; s < n ; s-H-)
<
i f  ( t  4  a r r a y [ s ] )  c o n t in u e ;  
i f  ( t 2  *  a r r a y 2 [ s ] )  c o n t in u e ;  
i f  ( t 3 k  a r r a y 3 [ s ] )  c o n t in u e ;
/ •  Next se t  of  c h a n n e ls .  • /
s e t o u t ( a r g v [ 3 ] ) ;
/ •  Opens o u tp u t  f i l e  w i t h  d e s i r e d  f i l e n a m e  i f  s o l u t i o n  is  found. • /
p r i n t f ( " X 3 d  » d  « d  « d  « d  * 3 d %3d X3d %3d0. i , j . k ,  I . m . p . q . r . s ) ;  
p r i n t f ( " T h e r e  is  a t  l e a s t  one s o lu t io n ® ) ;
/ •  P r i n t s  out the  f i r s t  group of IM c o m p a t ib le  channel s e ts .  • /  
go to  end;
/ •  Program s to p s .  • /
>
t I p  '  a r r a y [ r ] ; 
t 2  a r r a y 2 [ r ] ;
t 3  4=  a r r a y 3 [ r ] ;
/ •  Removes channel numbers added by the  in c lu s io n  o f  channel se t  “ r H 
from th e  l i s t  o f  th e  ch ann e ls  so f o r  a l l o c a t e d .  • /
>
t k=  a r r a y [ q ) ;  
t 2  k *  '  a r r a y 2 [ q ] ;  
t 3  to* a r r a y 3 [ q ] ;
/ *  Removes channel numbers added by th e  in c lu s io n  o f  channel s e t  Nq” 
from th e  l i s t  o f  th e  ch a n n e ls  so f a r  a l l o c a t e d .  • /
}
t a r r a y [ p ] ;
t 2  k r  a r r a y 2 [ p ] ; 
t 3  a r r a y 3 [ p ] ;
/ •  Removes channel numbers added by th e  i n c lu s io n  of channel se t  "p"  
from th e  l i s t  o f  th e  ch a n n e ls  so f a r  a l l o c a t e d .  • /
>
t 4“  '  a r r o y [ m ] ; 
t 2  4 -  a r r a y 2 [ m ] ;
t 3  4 -  a r r a y 3 [ m ] ;
/ •  Removes channel numbers added by th e  i n c lu s io n  of  channel se t  "m" 
from the  l i s t  o f  the  ch a n n e ls  so f a r  a l l o c a t e d .  • /
)
t 4 *  '  a r r a y [ I ] ;  
t 2  4=  a r r a y 2 [ I ] ;
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t 3  4 *  o r r a y 3 [ I ] ;
/ •  Removes channel numbers added by th e  in c lu s io n  of channel se t  " I "  
from the  l i s t  o f  th e  c h a n n e ls  so f a r  a l l o c a t e d .  • /
}
t 4 *  a r r a y [ k ] ;
t2  Se~ a r r a y 2 [ k ] ; 
t 3  4 -  a r r a y 3 [ k ] ;
/ •  Removes channel numbers added by th e  in c lu s io n  o f  channel se t  "k"  
from the  l i s t  o f  th e  c h a n n e ls  so f a r  a l l o c a t e d .  • /
}
t Ie* '  a r r a y [ j ] ,  
t2  4=  '  a r r a y 2 [ j ] ;
13 4 *  '  o r r a y 3 [ j ] ;
/ •  Removes channel numbers added by th e  in c lu s io n  of channel set " j ” 
from the l i s t  of  th e  c h a n n e ls  so f a r  a l l o c a t e d .  • /
}
t 4=  '  a r r a y [ i ] ;  
t 2  Se= a r r a y 2 [  i ] ;
t 3  4 -  a r r a y 3 [ i  j ;
/ •  Removes channel numbers added by the  in c lu s io n  of channel set " i H 
from the l i s t  of th e  ch a n n e ls  so f a r  a l l o c a t e d .  • /
>
s e t o u t ( a r g v [ 3 ] ) ;
/ •  Opens o u tp u t  f i l e  w i t h  d e s i r e d  f i l e n a m e .  • /
p r i n t f ( " T h e r e  is  no s o l u t i o n © ) ;  
end: p r i n t f ( " E n d  of program©);
/ •  No s o l u t i o n  to  th e  prob lem . • /
r e a d d a t ( c )
/ •  D e f in e s  a f u n c t io n  c a l l e d  " r e a d d a t " .  • /
<
i n t  i . j ;
for (n=43; ;rvH-)
/ •  Counts the number IM c o m p a t ib le  channel l i s t s  th a t  we have. • /
{
f o r  ( i - ^ ; i < c ; i + + )
/ •  Reads c o m p a t ib le  l i s t s  in t o  a r r o y s .  • /
{
i f  ( s c a n f ( " % d " , 4 j ) ! » 1 )  r e t u r n ;
/ •  End o f  f i l e  i n d i c a t o r .  • /
i f  ( j > 6 4 )  a r r a y 3 [ n ] + »  ( 1 « (  j  - 6 5 )  ) ; 
e ls e  i f  ( j > 3 2 )  a r r a y 2 [ n ] + -  ( 1 « ( j - 3 3 ) ) ;  
e ls e  a r r a y [ n ]  + * ( 1 « ( j - 1 ) ) ;
/ •  Reads c o m p a t ib le  channel numbers in t o  th e  c o r r e c t  a r r a y s .  • /
s e t o u t ( s )  
ch ar  *s ;
{
f r e o p e n ( s . " w " , s t d o u t ) ;
>
/ •  F u n c t io n  th a t  a u t o m a t i c a l l y  opens o u tp u t  f i l e  when a s o l u t i o n  is  o b ta in e d .  • /
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